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The  reductions  of  2-mercaptopropionatobis(ethylenediaraine)cobalt- 
(III)  (A),  lactatobis(ethylenediamine)cobalt(III)  (B),  2-aisthyl- 
thioacetatobis(ethylenediam.i.ne)cobalt(III)  (C)  and  glycinatobis- 
(ethylenediamine)cobalt(III)  (D)  by  chromiura(II)  were  investigated 
in  an  effort  to  ascertain  the  contributions  of  sterically  hindered 
nercr.ptide  and  alkoxidc  ,  terminal  thicsthcr  and  chelated  carbcxy*- 
late  functions,  respectively,  to  inner-sphere  reactivity  para- 
meters. For  all  reactions  the  stoichioraetry  was  found  to  bs 
equimolar  in  oxidant  and  reduetant.  Product  analysis  indicated 
all  reactions  proceeded  via  an  inner-sphere  pathway. 

The  reduction  of  (A)  by  chromium(I'I)  yielded  a  seccnd-order 
rate  constant  of  1.55  x  10  M~  sec"  ,  25°C,  an  activation  enthalpy 
of  1,1  kcal/rcole  and  an  activation  entropy  of  -31.1  eu.  The  ini- 
tial product  of  the  redox  reaction  was  formulated  as  2-mercaptopro- 
pionatopentaaquochromium(III )  (mercaptide-bound)  (E).  (E)  was 
observed  as  a  fleeting  intermediate  and  converted  at  an  observable 
rate  to  2-nercaptopropionatotetraaquochro;rj.um(IIl)  (chelated)  (F) 
(k  ■  (1.0  +  2.6[ll+])  x  10"2  (M  and  sec)).  Chelate  ring  closure 
is  two-fold  faster  than  the  analogous  system  with  raer captoacetate . 


The  chelate  (F)  equilibrated  with  a  species  characterized 

as  2--mercaptcpropionatopentaaquochroraium(I.Il)  (carboxylate- 

bound)  (G)  (K   =  10.5).  Rate  constants  for  ring  opening  and 
eq 

closure  were  found  to  be  kf  =  (7.3l[H+J)  x  10~5  and  kr  =  7.10 

x  10"  (H  and  sec).  Comparison  to  the  substituted  chelate  reveals 

no  significant  difference  in  rates. 

Reactivity  parameters  for  the  reaction  of  (B)  with  chromium- 
(II)  were  found  to  be  k  =  (7.31  +  0.023[H+]"1  /  1  +  Ka[H+]_1)  and 
k,  =  52  (M  and  sec),  AH*  =  4.7  kcal/mole,  AS*  =  -39.1  eu  ([H+]  = 
1.0  K).  Methyl  substitution  on  the  chelate  ring  was  found  to 
decrease  the  second-order  rate  constants  equally  for  both  mercap- 
tide  and  alkoxide  bridging  functions  compared  to  the  unsubstituted 
complexes  previously  studied. 

Reaction  of  (C)  with  ehrcmium(Il)  yielded  k  ^  =  267  (K  and 
sec,  25°C),AH*'  =  8.5  kcal/mole  and  AS*  =  -18.9  eu.  The  product 
of  the  initial  redox  reaction  underwent  at  least  one  and  perhaps 
two  observable  subsequent  reactions,  indicating  thioether  as  the 
bridging  function. 

Reaction  of  (D)  with  chromium(II)  yielded  k  =  2.22  (M  and 
sec-1,  25°C),AH*  =  8.8  kcal/mole  and  AS*  =  -27.4  eu.  In  com- 
parison to  oonodentate  carboxylate  cobalt (III)  complexes,  the 
presence  of  carboxylate  in  a  chelate  ring  was  concluded  to  enhance 
the  ability  of  the  carbonyl  function  to  serve  as  a  bridging  ligand. 

Reactivity  parameters  obtained  for  (A),  (B),  (C)  and  (D)  are 
discussed  relative  to  their  mechanistic  implications . 
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INTRODUCTION 

Although  the  coordination  of  metal  ions  by  sulfur  in  the 
form  of  mercaptide ,  sulfide,  or  thioether  functions  have  long 
been  known,  only  during  the  last  decade  have  their  interactions 
been  recognized  as  vital  in  biological  systems.  Metal-sulfur 
coordination  is  now  knoim  to  play  key  roles  in  the  processes  of 
photosynthesis,  nitrogen  fixation,  oxygen  metabolism,  hydroxy- 
lation  of  steroidal  compounds  and  electron  transport.   Also 

several  compounds  whose  specific  biological  function  has  not  yet 
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been  elucidated  are  known  to  have  metal-sulfur  coordination. 

The  most  explicit  demonstration  of  metal  coordination  by 
sulfur  has  come  from  recent  structural  determinations  by  x-ray 
crystallography.  In  clostridial  rubredoxin,  whose  function  is 

unknown,  the  single  iron  atom  is  coordinated  tetrahedrally  by  four 
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cycteinyl  ncrcaptide  functions.    Spectral  studies  indicate  that 

this  coordination  is  retained  in  solution.   In  horse  heart  and 
bonito  cytochrome  c,  the  heme  iron  is  coordinated  in  the  out-of- 
plane  positions  by  imidazole  nitrogen  and  methionyl  thioether 
functions.   Thus  the  importance  of  both  mercaptide  and  thioether 
coordination  i6  definitely  established. 

Extensive  chemical  and  physical  investigations  to  date  have 
been  carried  out  oh  members  of  the  class  of  non-heine  iron  proteins 
(KEP)  known  as  ferredoxins  which  are  involved  in  photosynthetic 


and  nitrogen-fixation  processes.  '   The  isolation  of  several 
proteins  of  this  type  has  formed  the  basis  of  investigation  work. 
In  general,  the  compounds  of  this  class  contain  stoichiometrically 
related  non-heme  iron,  cysteine,  and  acid-labile  sulfur,  exhibit 
physical  parameters  which  are  anomalous  for  iron  and  serve  in 
biological  electron  transport  functions.  Specific  familial 
characteristics  of  ferredoxins  are  (1)  their  relatively  low 
molecular  weight  (~  12, 000-30, 000  g/mole),  (2)  the  presence  of  acid- 
labile  sulfur  (treatment  with  acid  produces  H,S)  in  an  amount 
approximately  equivalent  to  their  iron  content,  (3)  a  stoichio- 
metric relationship  of  iron  and  cysteinyl  ligands,  (k)   electronic 
absorption  and  electron  paramagnetic  resonance  which  is  anomalous 
for  iron  complexes  and  (5)  oxidation  potentials  (0.2  to  0.^  v  at 
pH  =  7)  which  are  unprecedented  for  iron  complexes.  Chemical 
subunits  of  this  class  are  also  incorporated,  with  other  redox 
functions,  into  more  complex  enzymes  which  are  utilized  in  various 
biological  redox  processes. 

The  presence  of  both  iron  and  labile  sulfur  at  the  active 
site  of  a  typical  two-iron  protein  was  established  by  epir  measure- 
ments  on  isotopically  substituted  species.    Iron  and  acid-labile 
sulfur  were  removed  from  the  protein  to  yield  the  inactive  apo- 
protein. Biological  activity  was  restored  by  treatment  with  iron 
salts  in  combination  with  2-mercaptoethanol  and  inorganic  sulfide. 
Substitution  of  selenium  for  inorganic  sulfur  also  regenerated  a 
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substantially  active  protein.  The  splitting  of  the  epr  signal 
in  the  reduced  protein  by  independently  substituted  appropriate 
isotopes  of  iron  and  selenium  established  their  mutual  proximity 


to  the  site  of  reduction,  A  similar  proximity  for  the  cysteinyl 
sulfur  atoms  is  suggested  by  the  epr  behavior  of  protein  produced 

by  organisms  grown  on  an  isotopically  substituted  source  of 

7 

sulfur.' 

This  brief  summary  is  representative  of  recent  research 
which  demonstrates  an  extensive  and  varied  utilization  of  metal 
ions  coordinated  by  thiolate,  thioether  and  "labile"  sulfur  atoms 
in  biological  oxidation-reduction  processes.  The  research  to  be 
described  here  represents  an  effort  to  examine  the  influence  of 
two  of  these  donor  functions  on  the  redox  behavior  of  certain 
metal  complexes.  The  complexes  were  chosen  not  for  the  extent  to 
which  they  simulated  the  biological  examples  but  rather  for  their 
virtue  of  incorporating  certain  of  the  biological  aspects  into 
systems  whose  reactions  stood  the  best  chance  of  being  both 
thoroughly  characterized  and  interpreted  in  relationship  to  prior 
fundamental  studies.  This  objective  stands  in  contrast  to  the 
alternative  approach  of  investigating  systems  more  directly  related 
to  those  found  biologically,  However,  the  iron(III)mercaptide 
complexes  suggested  by  the  biological  systems  are  complicated, 
unstable  and  kinetically  labile,  leading  to  less  than  definitive 
results.  Simple  complexes  with  iron-thioether  coordination  have 
proved  elusive  to  synthesis  and  would  likely  present  a  low  suscep- 
tibility to  thorough  kinetic  description. 

The  reactions  described  herein  serve  as  model  systems  in 
only  the  most  rudimentary  sense  that  they  do  incorporate  the  bio- 
logical type  of  donor  functions  as  ligands.  The  possibility  of 
substantial  differences  between  the  reactivity  patterns  delineated 


here  and  those  of  the  biological  examples  is  openly  anticipated; 
nevertheless,  a  better  understanding  of  how  these  ligands  affect 
oxidation-reduction  behavior  should  shed  some  light  on  the  reasons 
for  their  extensive  biological  utilization. 

One  approach  to  evaluating  the  effects  of  mercaptide  and 
thioether  coordination  involves  the  study  of  well-characterized 
complexes  whose  reactiors  are  susceptible  to  detailed  mechanistic 
investigation.  Further,  monomeric,  inert  complexes  of  cobalt(III) 
or  chromium(III)  containing  a  single  coordinated  mercaptide  or 
thioether  function  appeared  desirable  in  the  initial  studies  for 
comparative  purposes  with  earlier  work.  With  these  objectives,  a 
research  project  in  these  laboratories  resulted  in  the  preparation 
and  isolation  of  [Co(en)2(00CCH2S)]ci0^.9  For  the  purpose  of 
comparing  the  reactivities  and  mechanistic  patterns  an  analogous 
compound  with  the  sulfur  replaced  by  a  more  classical  oxygen  donor 
atom  was  prepared,  [Co(en)2(00CCH20) JCICV.   For  the  pair  of  com- 
plexes, the  behavior  toward  chromium(Il)  and  [Ru(NH,)g]  '  as 
typical  inner-and  outer-sphere  reductants,  respectively,  as  well 
as  applicable  substitutional  behavior  of  the  reaction  products 
was  examined.  '    This  marked  the  first  significant  development 
in  evaluating  the  influence  of  a  coordinated  mercaptide  in  oxida- 
tion-reduction reactions. 

In  order  to  consider  these  results  and  those  described 
herein  it  is  necessary  to  recognize  the  two  general  categories 
which  have  been  established  for  oxidation-reduction  reactions  of 
transition  metal  complexes  in  solution,  that  is,  the  inner-sphere 
and  outer-sphere  mechanisms.    For  the  inner-sphere  reaction,  the 


two  reacting  metal  centers  are  joined  in  the  activated  complex 
via  a  ligand  common  to  the  first  coordination  spheres  of  both 
metal  ions.  An  outer-sphere  reaction  is  characterized  by  an 
activated  complex  in  which  no  sharing  of  ligands  occur,  that  is, 
the  primary  coordination  spheres  of  the  respective  metal  ions 
remain  intact  with  no  bond  cleavage  or  bond  making  required  for 
electron  transfer. 

For  an  inner-sphere  reaction  one  of  the  reactants  must  be 
sufficiently  labile  so  that  ligand  substitution  involving  a  ligand 
from  the  second  reactant  can  occur  prior  to  electron  transfer.  The 
bridging  3igand(s)  of  the  second  complex  is  required  to  have 
available  electron  pairs  or  orbitals  of  sufficient  energy  and 
proper  symmetry  for  forming  a  bridge  between  the  two  metal  centers. 
The  bridging  ligand  brought  in  by  the  second  reactant  must  be  re- 
tained long  enough  for  the  electron  transfer  to  occur.  By  meeting 
the  above  requirements  an  inner-sphere  reaction  is  made  possible 
but  not  mandatory.  An  outer-sphere  reaction  may  still  provide  a 
path  of  lower  energy. 

A  reaction  is  most  conveniently  assigned  to  the  inner-sphere 
category  if  the  bridging  ligand  can  be  detected  in  the  coordination 
sphere  of  the  product  of  the  labile  reactant  at  higher  than  equil- 
ibrium levels.  This  requires  that  it  be  retained  due  to  an  inert- 
ness of  this  product  to  substitution  relative  to  the  rate  of  the 
redox  reaction.  Exemplifying  this  means  of  categorization  is  the 


classical  reaction  between  the  substitution-inert  complex,  [Co(N- 
HJ5(C1)]  +,  and  substitution-labile  [CrfrjCOg]  +  in  acid  solution 
to  yield  NHjl  ,  substitution-labile  [CofHpOL]   and  substitution- 


inert  [Cr(H20)5(Cl)]2+.12  The  capture  of  the  chloride  ion  in 
the  first  coordination  sphere  of  the  inert  chromium(III )  product 
is  definitive  of  an  inner-sphere  reaction.  Vihen  the  same 
reaction  is  carried  out  in  the  presence  of  radioactive  free 
chloride  ion,  no  radioactivity  is  found  in  the  chromium(III ) 
product,  thus  eliminating  its  incorporation  prior  or  subsequent  to 

electron  transfer  which  identifies  the  coordinated  chloride  in  the 

12 

product  M  originating  with  the  cobalt(III)  complex.    Other 

donor  functions  i;hich  have  been  identified  as  bridging  ligands  for 

cobalt(IIl)-chror.iurn(lI)  reactions  are  the  halides,  carboxylates, 

12  13 
azides,  thiocyanates,  phosphate,  sulfate  and  hydroxide,  '  *"  In 

contrast,  an  outer-sphere  reaction  is  decisively  dictated  if  one 
of  the  reactants  is  substitution-inert  relative  to  the  rate  of 
electron  transfer  and  contains  in  its  first  coordination  sphere 
no  ligand  capable  of  bridge  formation.  A  well-characterized 
example  is  the  outer-sphere  reductant,  [_Ru(NH,),<J  .  " 

The  investigation  of  the  mercaptide  and  3Ukoxide  complexes 
previously  described  established,  through  characterization  of  the 
chromium(III )  products,  that  the  reactions  of  the  species  with 
chromiura(II )  occur  via  inner-sphere  paths.    The  reduction  of 
[Co(en)„(00CCH?0)]  was  concluded  to  occur  via  a  bridging  reaction 
utilizing  the  alkoxide  oxygen  from  kinetic  comparisons.  It  is 
directly  comparable,  therefore,  to  the  reduction  of  [Co(en)2(00C- 
CH2S)3  which  proceeded  via  a  mercaptide  bridged  path  as  esta- 
blished by  product  characterization.  The  results  clearly  esta- 
blished a  reactivity  toward  chromium(Il)  for  the  sulfur  complex 
which  is  "-10  times  greater  than  for  its  oxygen  analogue. 


While  the  previous  research  established  that  the  coordinated 
mercaptide  exerted  a  substantial  increase  in  reactivity  for  oxida- 
tion-reduction, several  important  questions  remained  unanswered. 
The  various  factors  which  might  possibly  contribute  to  thieenhanced 
reactivity  remained  unevaluated  though  recognized.  In  particu- 
lar, the  relative  influence  of  steric  vs  electronic  factors  could 
not  be  determined.  It  seemed  desirable  to  evaluate  these  influ- 
ences in  complexes  as  similar  as  possible  in  order  to  minimize 
any  effects  arising  from  the  contribution  of  the  standard  free 
energy  change  to  the  reactivities.    Thus,  if  a  greater  steric 
accessibility  of  the  larger  sulfur  atom  were  mainly  responsible  for 
the  observed  reactivity  pattern  in  otherwise  comparable  complexes, 
it  was  felt  substitution  of  a  methyl  group  for  one  of  the  adjacent 
methylene  protons  should  decrease  the  rate  reduction  of  the  sulfur 
complex  less  than  that  of  the  analogous  oxygen  complex.  Further, 
if  the  anticipated  rate  decrease  is  observed,  the  possibility 
would  arise  of  determining  the  enthalpies  and  entropies  of  activa- 
tion which  were  not  accessible  for  the  mercaptoacetato  complex. 
These  should  shed  further  light  on  the  steric  and  electronic  con- 
tributions to  the  reactivity  differences.  Thus,  the  complexes 
[Co(en)2(0QCCH(CH JS)](C10^)  and  [Co(en)2(00CCH(CH3)0)](C10Jt)  were 
prepared  in  order  to  further  define  the  influence  of  coordinated 
mercaptide. 

It  was  hoped  that  the  above  modification  in  the  alkoxide 
ligand  would  permit  a  more  definitive  characterization  of  the 
chromium(III)  product  as  deriving  from  alkoxide  bridging  than  was 
possible  with  the  previously  investigated  analogue.  When  this  was 


found  not  to  be  the  case,  a  complex  having  a  chelate  ligand  which 
contained  a  carboxylate  function  as  the  only  possible  bridging 
group,  [Co(en)2(00CCHpKK2)]  ,   was  investigated  in  order  to  iso- 
late any  unique  effects  arising  from  chelation  relative  to  those 
previously  established  for  monodentate  carboxylate  coordination.  ' 
Comparison  utilizing  results  with  this  complex  were  expected  to 
more  rigorously  define,  and  possibly  exclude,  the  participation 
of  carboxylate  bridging  for  the  alkoxide-containing  complexes. 

In  spite  of  its  demonstrated  biological  importance  the  redox 
influence  of  coordinated  thioether  functions  remains  poorly  under- 
stood. The  first  kinetic  study  directly  involving  this  mode  of 
coordination  in  simple  systems  suggests  that  the  effect  of  thio- 
ether donor  functions  as  non-bridging  ligands  in  an  inner-sphere 

17 

reaction  is  to  enhance  reactivity.    Earlier  rate  etudicn  of  com- 
plexes such  as  [Co(rHI,),(COCCH2SCHpC,-H,)]  suggested  that  a  pendant 
thioether  enhanced  electron  transfer  rates  above  that  observed 
with  the  coordinated  carboxylate  alone,  presuirebly  via  chelation 
of  the  reductant.   In  anticipation  of  this  possibility  and  in 

collaboration  with  concurrent  research   the  complex  [Co(en)2- 

-i2+ 
(00CCH2SCH<,)J   was  prepared  and  studied.  Whatever  the  cechan- 

istic  pathway  taken,  it  was  expected  that  the  similarity  of  this 

complex  to  the  previously  studied  mercaptide  precursor  should 

provide  a  better  understanding  of  the  influence  of  coordination 

by  a  thioether  donor. 

Thus,  the  objectives  of  this  thesis  include  (1)  evaluation 

of  the  steric  and  electronic  factors  responsible  for  the  increased 

reactivity  of  mercaptide  complexes  relative  to  their  oxygen  ana- 


logues,  (2)  further  comparison  of  these  influences  within  the 
respective  alkoxi.de  and  mercaptide  classes  of  complexes,  (3) 
definition  of  the  role  played  by  carboxylate  incorporated  in 
chelate  system  as  opposed  to  the  monodentate  carboxylate  function 
and  (4)  an  investigation  into  the  accessible  aspects  of  thioether 
coordination  -with  the  additional  complex  made  available  by  this 
research.  Further,  the  behavior  of  the  chrondum(III)  complexes 
uniquely  produced  by  reactions  originally  investigated  for  their 
relevance  to  oxidation-reduction  chemistry  should  contribute  to 
a  better  understanding  of  the  substitutional  characteristics  of 
these  ligands. 


EXPERIMENTAL 


Materials 


Reagents. — Common  chemicals  were  of  reagent  grade  and  were 
used  without  further  purification  unless  otherwise  specified. 

Water. — Distilled  water  used  in  kinetic  experiments  and  in 
preparation  of  various  stock  reagent  solutions  was  obtained  by  the 
distillation  of  deionized  water  from  alkaline  permanganate  solu- 
tion using  an  all-glass  distilling  assembly  and  stored  in  poly- 
stopper  od,  glass  bottles. 

Nitrogen. — For  deaerating  solutions  of  air-sensitive  materi- 
als, line  nitrogen  was  passed  through  two  successive  scrubbing 
towers  containing  Cr(II)  solutions  which  were  prepared  by  reduc- 
ing 0.1  K  chromiura(III)  ion  in  0.^  M  perchloric  acid  in  the  towers 
with  a  bed  of  amalgamated  zinc.  To  assure  the  nitrogen  was  satur- 
ated with  water,  it  was  then  passed  through  a  tower  containing 
redistilled  water. 

Zinc  amalgam. — Twenty  mesh  granular  zinc  (Fisher)  was  activa- 
ted with  3  M  HC1.  After  several  rinsings  with  distilled  water  the 
activated  zinc  was  amalgamated  using  a  solution  of  tetrachloro- 
mercurate(II)  ion  in  1  K  HC1  for  ten  seconds.  After  several  wash- 
ings with  distilled  water  the  amalgam  was  dried  under  a  stream  of 
dry  nitrogen. 
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Lithium  perchlorate. — Reagent  grade  lithium  perchlorate  was 
used  throughout  to  maintain  constant  ionic  strength.  Purity  was 
checked  by  passing  a  prepared  solution  through  an  ion  exchange 
column  in  the  acid  form  and  titrating  the  collected  solution  with 
0,1  M  sodium  hydroxide  to  a  phenophthalein  end  point. 

Chroriiiiim(II)  ion. — Reagent  grade  chromium(III)  perchlorate 
(G.  F.  Smith)  was  used  to  prepare  stock  solutions  ranging  in  con- 
centration from  0.050  M  to  0.25  M.  Aliquots  of  the  stock  solutions 

were  diluted  to  concentrations  ranging  from  approximately  4  x  10 

1  -4 

M  to  2  x  10   M  in  solutions  varying  in  acidity  from  1  x  10   M 

to  1  M.  Reduction  to  chromium(II)  was  accomplished  using  zinc 
amalgam. 

Chloropentaamminecobaltdll )  chloride. — This  compound  was 
kindly  made  by  Mr.  Peter  F.  Eisenhardt,  who  used  a  standard  pro- 
cedure for  its  preparation.    The  compound  exhibited  a  molar 

absorbtivity  of  49.9  at  534  nm  in  excellent  agreement  with  the 

21  22 
values  of  50,2  -  51. 0  previously  reported.  ' 

Hercaptoacetatobis ( ethylenediamine ) cobalt ( III )  perchlorate . — 

This  compound  was  generously  provided  by  Dr.  Robert  H.  Lane,  by 

9 
whom  it  was  first  prepared  and  characterized.   The  sample  provided 

exhibited  the  following  spectral  characterization:  [/>(£):  518(152  i 

282(11,700)]. 

2,2 '-Dithiodipropionic  acid. — 2-mercaptopropionic  acid 

(Aldrich  Chemical  Co.,  reagent  grade)  was  converted  to  the  disul- 

23 
fide  by  a  modification  of  the  method  of  Fredga  and  Bjorn   which 

appears  to  be  general  for  preparation  of  simple  disulfides  from  the 

8d  e  f  24 
corresponding  mercaptans.  '  '  '    One  millimole  of  the  mercaptan 
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was  slowly  added  to  a  solution  of  one  rdllimole  iron(III)  per- 
chlorate  dissolved  in  200  nil  of  water.  After  addition  the  solution 
was  allowed  to  stir  for  one  hour,  several  drops  of  concentrated 
sulfuric  acid  was  added,  and  the  reaction  mixture  extracted  with 
three  50  ml  portions  of  diethyl  ether.  The  combined  ethereal 
extracts  were  evaporated  to  dryness  under  a  stream  of  nitrogen. 
The  resultant  White  solid  exhibited  a  melting  point  of  113°C 
uncorrected  (lit.  UA°  -  5.0°C)  *  and  was  used  without  further 
purification. 

Preparation  of  Complexes 

2 -Mcrcactopropionatobis(ethylenediamine)cobalt(III)  Perchlorate — 
[Co(en)2(00CCH(CH.)S)JC10^ 

Preparation  of  this  compound  paralleled  the  method  used  in 

preparation  of  the  mercaptoacetatobis(ethylenediaraine)cobalt(III) 

o 
complex  previously  reported.   Ten  grams  (.028  mole)  of  Co(Clfv)?# 

6H20  (G.  F.  Smith)  was  dissolved  in  30  ml  of  H.,0  in  a  100  ml 
three-neck  flask  fitted  with  rubber  septum  stopper,  nitrogen  inlet 
and  outlet,  and  magnetic  stirrer.  After  deaeration  for  thirty 
minutes,  3.6  ml  (.057  mole)  of  98-100  per  cent  ethylenediamine 
(Baker)  was  added  by  syringe.  After  another  thirty  minutes' deaer- 
ation time,  2.-85  g  of  solid  2,2 '-dithiodi propionic  acid  was  added 
by  rapid  removal  and  replacement  of  the  nitrogen  outlet  tube. 
Within  five  minutes  the  solid  had  dissolved  and  the  solution  color 
changed  slightly  to  a  brown  color.  After  thirty  minutes  under 
nitrogen  the  solution  was  transferred  to  a  150  ml  beaker,  and 
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evaporated  with  stirring  on  a  hot  plate  at  100°C  under  a  gentle 
stream  of  nitrogen  until  the  volume  was  approximately  20  ml  then 
allowed  to  cool  to  ambient  temperature.  The  resultant  foamy  brown 
mass  was  filtered  and  washed  with  5  ml  of  hot  water.  Recrystalli- 
zation  was  effected  by  dissolving  the  collected  solid  in  100  ml  of 
hot  (90°C)  water,  filtering,  and  cooling  in  an  ice-acetone  slush. 
Light  purple  needles  separated  on  cooling.  The  product  was  re- 
crystallized  twice  more  as  described,  washed  with  two  10  ml  por- 
tions of  absolute  ethanol  and  one  10  ml  portion  absolute  diethyl 
ether,  then  dried  in  vacuo  over  CaSO;  for  twelve  hours.  Yield  = 
2.5  g.  Anal.  Calcd.  for  [CodtttgCEgCHgMHgJgtOOCCMCCHjJS)^^: 
C,  21.97;  H,  5.27;  N,  14. 6t;  S,  8.36;  Co,  15fr0.  Found:  C,  21.75; 
H,  5.3*+;  N,  14.61;  S,  8.32;  Co,  15.15. 
Lactetobis(ethylenediamine)cobalt(III)  Ferchlorate — rCofenUCOOCCH- 


(CH  )0)JC1DU 


2* 


Eighteen  grams  (.05  mole)  of  Co(ClCv)2'6H20  (G.  F.  Smith) 
was  dissolved  in  125  ml  of  water  in  250  ml  Erlenmeyer  flask  fitted 
with  a  two-hole  rubber  stopper  with  glass  tubing  of  appropriate 
lengths.  Six  grams  (.10  mole)  ethylenediamine  (Baker)  was  added 
with  stirring,  then  air  was  drawn  through  the  solution  for  twelve 
hours.  To  this  solution  was  added  a  solution  of  5.05  g  (.05  mole) 
70$  aqueous  lactic  acid  (Baker)  and  2.00  g  (.05  mole)  NaOH  pellets 
(Fisher)  in  20  ml  water.  The  combined  solutions  were  transferred 
to  a  250  ml  beaker  and  evaporated  under  a  gentle  stream  of  nitro- 
gen with  stirring  on  a  hot  plate  at  100°C  until  the  volume  was 
approximately  100  ml  (ca.  40  rain).  It  was  cooled  to  ambient 
temperature  and  the  solids  present  were  filtered  and  washed  with 
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10  ml  water.  The  combined  filtrate  and  washing  was  returned  to 

the  hot  plate  and  evaporated  as  before  to  a  volume  of  50  ml, 

then  cooled  to  ambient  temperature.  The  resulting  solid  was 

filtered,  washed  with  5  ml  of  water,  15  ml  of  absolute  ethanol, 

and  15  ml  of  absolute  diethyl  ether  and  dried  in  vacuo  for  ten 

hours  over  CaoO^.  Yield  =  4.75  g.  Anal.  Calcd.  for  [Co(NH2- 

CH2CH2KH2)2(00CCH(CH3)0)]C10^:  C,  22.90;  H,  5.52;  II,  15.2?; 

Co,  16.11.  Found:  C,  22.86;  H,  5.52;  N,  15.3*)  Co,  15.82. 

2-Meti-iylthioacetatobis(ethvlenediamine)cobalt(IlI )  Diperchlorate — 
[Co(en)2(00CCH2SCH3)](C10^)2 

To  a  suspension  of  1.8  g  of  [Co(en)?(00CCH2S) J   in  300  ml 
of  90$  methanol-water  mixture  was  added  a  large  excess  (25-fold) 
of  methyl  iodide  (Baker),  the  mixture  was  stirred  in  a  closed, 
rouwi-boitom  flask  for  twenty-four  hours  and  for  three  hours  was 
stirred  while  open  to  the  atraosphere.  The  light  pink  solid  was 
collected,  washed  with  two  25  ml  portions  of  absolute  ethanol,  two 
25  ml  portions  of  diethyl  ether  and  dried  in  vacuo  over  CaSOr  for 
twelve  hours.  The  solid  was  recrystallized  by  dissolution  in 
minimum  amount  of  hot  (90°C)  water  followed  by  an  addition  of 
solid  UaClOj  f*$  g)  until  precipitation  began.  After  allowing  it 
to  cool  to  ambient  temperature,  the  bright  red-orange  solid  was 
collected  and  recrystallized  again.  Yield  =  0.70  g.  Anal.  Calcd. 
for  [Co(l.'H2CH2CH2NH2)2(00CCH2SCH3)](C10i+)2:  C,  17.40;  H,  4.38; 
N,  11.60;  S,  6.64,  Found:  C,  17.42;  H,  4.26;  N,  11.64;  S,  6.75. 
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Glycinatobis(ethylenedianine)cobalt(III)  Diperchlorate— [Co- 
(an)2(0OCCH2KH2)j(C10/f)2 

This  compound  was  prepared  by  the  reaction  of  silver  perchlo- 
rate  with  glyciratobis(ethylenediaraine)cobalt(III)dichloride. 
Twenty  grams  of  trans-[Co(en)2Cl2]ci  was  suspended  in  40  ml  of 
water.  To  this  was  added  8.1  g  silver  oxide  (Matheson,  Coleman, 
and  Bell)  and  the  suspension  was  ground  in  a  mortar  and  pestle 
periodically  for  one  hour.  Silver  chloride  was  removed  by  filtra- 
tion and  washed  with  40  ml  of  hot  (90°C)  water.  To  the  combined 
filtrate  and  washings  was  added  6.9  g  glycine  (Fisher),  and  then 
the  mixture  was  evaporated  on  a  steam  bath  under  a  stream  of  nitro- 
gen to  a  thick  syrup.  After  standing  at  ambient  temperature,  the 
resultant,  solid  was  filtered,  washed  with  cold  water,  recrystallized 
from  hot  water,  and  dried  in  vacuo  over  CaSCv  overnight. 

A  solution  of  o.oi  g  (0.U2  mole)  of  [Colen^COOCCjyiHg)]^ 
dissolved  in  40  ml  water  was  added  slowly  with  stirring  to  a  silver 
perchlorate  solution  prepared  by  adding  2.36  g  (0.0085  mole)  silver 
carbonate  (Kallinkrodt)  to  10  ml  of  2  M  perchlorate  acid.  Silver 
chloride  was  removed  by  filtration  and  the  filtrate  was  reduced  on 
a  rotary  evaporator  at  45°C  to  a  thick  syrup.  After  several  days' 
standing  at  ambient  temperature  the  resultant  solid  mass  was  filtered 
and  air  dried  using  aspirator  suction  for  2  days.  The  solid  was 
dried  in  vacuo  over  CaSCv  for  twenty-four  hours.  Yield  =  5.0  g. 
Anal.  Calnd.  for  [Co(NH2CH2CH2NH2)2(00CCH2MH2)](C10J+)?:  C,  15.94; 
H,  4.43;  N,  15.49;  Co,  13,04.  Found:  C,  16.13;  H,  4.52;  N,  15.52; 
Co,  13.25. 
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Chroniumdll )  Complexes  of  2-Mercaptoprooionic  Acid.  Lactic  Acid 
and  Glycine 

Several  aquo-chromium(III )  complexes  with  these  ligands  were 
generated  in  solution  by  the  reduction  of  the  cobalt(IIl)  complexes 
with  chromium(II ) .  Some  of  the  complexes  so  produced  underwent 
further  substitutional  changes,  the  products  of  which  were  separ- 
ated according  to  charge  type  by  ion  exchange  chromatography  and 
further  characterized  by  their  ultraviolet  and  visible  spectrum 
and  by  chromium  analyses.  Synthesis  and  isolation  of  the  complexes 
was  not  a  primary  objective;  therefore,  discussion  of  them  is 
deferred  to  the  section  on  Results. 

Analyses 

Chrondumdll ) .  —Determination  of  ehromium(III )  was  accomplished 
spectrally  by  alkaline  peroxide  oxidation  to  chromate(VI)  ion  which 
was  monitored  at  373  nm  (e  =  k,8l5  *  15). 25  To  an  aliquot  of  the 
chromiumdll )  complex,  10  ml  distilled  vater,  10  ml  0.20  M  KaOH 
and  3  ml  of  30^  hydrogen  psroxide  were  added.  The  oxidation 
usually  was  complete  overnight.  Excess  peroxide  was  deconposed 
by  heating  the  solution  at.  60°C  using  a  coiled  platinum  wire  as 
catalyst.  When  cool,  the  solution  was  diluted  to  100  ml  and 
absorbance  at  373  nm  was  observed.  Duplicate   runs  usually  were 
reproducible  to  within  \%. 

Chromiumdl ) .—Periodically  aliquots  of  chromium(ll)  solu- 
tions were  reacted  in  an  inert  atmosphere  with  a  solution  contain- 
ing a  known  excess  of  chloropentaajiiminecobalt(III )  in  0.1  M  HCIO^ . 
The  excess  was  determined  by  analyzing  spectrally  the  resultant 
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solution  at  53^  nm,  after  subtracting  for  absorbances  due  to 

26 

presence  of  hexaquocobalt(II )  ion  i^rrih.  =  3.1)   and  chloropenta- 

27 

aquochrordum(III )  ion  (s-^j,  =  5.5). 

Cobalt.— The  method  of  Moss  and  Mellon  using  2-2,,2"-ter- 

Op 

pyridine  as  a  completing  agent  was  used.   A  sample  of  complex  con- 
taining approximately  h  mg  cobalt  was  destroyed  using  15  ml  liquid 
fire  reagent  (7  parts  70$  HCIO^  -  3  parts  70$  KNO„).  The  reaction 
mixture  was  evaporated  just  to  dryness  on  a  hot  plate,  with  the 
residue  then  dissolved  in  20  ml  distilled  water.  Addition  of  5  ml 
of  20$  ammonium  acetate  solution  brought  the  pH  to  about  6  and  the 
solution  was  then  diluted  to  100  ml.  A  25.0  ml  aliquot  of  the 
eobalt(Il)  solution  was  deaerated  using  a  50.0  volumetric  flask 
fitted  with  septum  stopper  and  hypodermic  needles  for  nitrogen  in- 
let and  outlet.  Ten  iiiilliliters  of  0.2%   terpyridyl  solution  was 
injected  and  volume  brought  to  50.0  ml  by  syringe  addition  of 
deaerated  distilled  water.  A  sample  was  then  transferred  to  a 
deaerated  septum-stoppered  2  cm  cell  using  syringe  techniques  and 
the  concentration  of  the  cobalt(Il)  terpyridyl  complex  determined 

spectrally  at  505  nm.  A  moDar  absorbtivity  of  1,386  at  505  nm 

29 

determined  with  known  cobalt  solutions  *  was  used  rather  than  the 

op 
reported  value  of  1,360. 

Elemental  analyses. — Analyses  for  carbon,  hydrogen,  nitrogen 

and  sulfur  were  performed  by  Galbrrdtii  Laboratories,  Inc., 

Knoxville,  Tennessee.     Nitrogen  analyses  were  performed  by  the 

Kjeldahl  method. 
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Apparatus 

It  was  necessary  to  exclude  the  presence  of  oxygen  from 
reaotant  solutions  used  in  kinetic  studies  due  to  the  extreme 
sensitivity  of  the  chromium(II)  species  to  oxidation  in  solution. 
This  was  accomplished  by  deaeration  of  all  solutions  using  three- 
neck  flasks  fitted  with  nitrogen  inlet,  outlet,  and  rubber  septum 
for  syringe  withdrawal  of  solutions.  Times  for  purging  ranged 
from  thirty  minutes  to  one  hour.  Transfers  of  deaerated  solutions 
were  made  using  all-glass  graduated  syringes  fitted  with  stainless 
steel  needles. 

For  all  kinetic  studies  at  least  one  of  the  reactants  exhi- 
bited a  characteristic  absorbance  in  tne  visible  and/or  near  ultra- 
violet region.  Reactions  were  then  monitored  optically  at  the 
respective  absorbances. 
Kinetic  Studies 

Fast  reactions  (1  msec  <  t§-  >  15  sec)  were  monitored  using  a 
Durrum-Gibson  Stopped-Flow  Spectrophotometer  equipped  with  tungsten 
and  deuterium  light  sources,  Kel-F  flow  system,  and  an  AMCHCO 
4-8600  external  temperature  bath.  Use  of  an  external  circulating 
pump  maintained  a  constant  temperature  environment  for  the  drive 
syringes,  mixing  jet,  and  observation  chamber. 

Thermostatted,  deaerated  reactant  solutions  were  transferred 
to  the  stopped-flow  assemble  via  20  ml  reservoir  syringes.  The 
drive  syringes  were  filled  from  the  reservoir  syringes  by  a  system 
of  externally  sealed  Kel-F  valves.  The  filled  drive  syringes  were 
then  allowed  to  equilibrate  to  the  desired  temperature  (estimated) 
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for  five  to  thirty  minutes.  A  plunger  armed  by  nitrogen  pressure 
(65  psi)  and  fitted  with  external,  integrated  trigger  then  forced 
the  reactant  solutions  into  the  observation  chamber  via  the  mixing 
jet.  Mixing  and  instrument  mechanical  dead  times  (2  msec)  were, 
in  some  instances,  comparable  to  the  shortest  half -life  of  the 
reactions  so  studied.  For  these  cases  it  was  necessary  to  allow 
for  the  dead  time  and  begin  actual  reaction  study  after  one  or  two 
half -lives  had  passed. 

Data  were  recorded  first  on  the  storage  oscilloscope,  then 
reproduced  using  Type  47,  3000  speed  Polaroid  Film  (B  &  W)  using 
a  Polaroid  Land  Camera  Bank  mounted  on  a  Tektronix  C-2?  Oscillo- 
scope Camera  with  appropriate  bezel  attachment.  Kinetic  data  were 
obtained  in  the  temperature  range  15.0°C  to  4-5. 0°C  as  necessary. 

No  special  precautions  were  taken  to  exclude  o:ygen  other 
than  flushing  the  flow  system  with  several  volumes  of  the  deaerated 
reactant  solutions.  This  technique  was  found  to  be  sufficient  for 
solutions  of  chromium(II)  ion  concentration  greater  than  4  x  10 
M  as  evidenced  by  reproducibility  of  the  observed  rate  constant 
Within  1(#)  for  the  Cr(II)-[Co(en)2(00CCH(CH3)S)]  reaction  when 
the  concentration  cf  Cr(II)  prior  to  mixing  was  4.3  x  10   M, 
Below  this  level  partial  consumption  of  the  reductant  occurred. 

Slow  reactions  were  followed  by  use  of  Cary  14  Recording 
Snc.ctronhotometer  fitted  with  constant  temperature  cell  housing. 
Temperature  was  maintained  with  an  AMINCO  4-8605  constant  tempera- 
ture bath  equipped  with  an  external  circulating  pump.  Reaction 
solutxons  were  again  deaerated  and  thermostatted  before  mixing. 
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Some  of  the  reactions  followed  en  the  Cary  Xk  utilized  a 

l^b 
glass  mixing  apparatus  described  pictorially  elsewhere. 

Essentially  the  apparatus  consisted  of  two  reservoirs  placed  so 

as  to  form  a  "V"  with  an  aperture  for  a  rubber  septum  stopper  to 

introduce  the  respective  reactant  solution  and  with  provision  for 

maintaining  an  inert  atmosphere.  At  the  apex  of  and  perpendicular 

to  the  "V"  was  delivery  tube  with  pressure  equalizing  arm,  fitted 

with  ground  glass  joint  appropriate  for  the  quartz  cells . ,  Tilting 

the  apparatus,  and  shaking  to  mix,  then  draining  into  the  cell 

effected  reaction.  Initial  data  were  obtainable  within  ten  seconds 

of  mixing. 

Spectrophotometry 

Visible  and  near-ultraviolet  spectra  were  obtained  with  a 
Cary  Model  1^  Recording  Spectrophotometer.  Sample  solutions  and 
baselines  of  pure  solvent  were  run  against  air  as  the  reference, 
Quartz  cells  of  0.10,  1.00,  2.00,  5.00,  and  10.0  cm  path  lengths 
were  available. 

Infrared  spectra  were  obtained  from  'f, 000  to  625  cm"  with 
a  Perkin-Elmer  Model  33?  recording  infrared  spectrophotometer. 
All  samples  were  run  as  KBr  pellets. 
Proton  Maftnetic  P.esonance  Spectra 

PMR  spectra  were  obtained  with  a  Varian  A-60A  Analytical  NMR 
Spectrophotometer  with  a  magnet  temperature  of  37°C.  In  order  to 
reach  a  concentration  of  complex  large  enough  to  obtain  meaningful 
spectra  for  the  2-mercaptopropionic  acid  complex,  it  was  necessary 
to  convert  the  complex  from  the  perchlorate  to  the  chloride  salt. 
This  was  accomplished  by  the  reaction  of  0.100  mmole  of  complex 
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with  0.095  mraole  of  tetrapihenylarsoniuin  chloride  (G.  F.  Smith)  in 
a  minimum  volume  of  water.  The  resulting  tetraphenylarsonium 
perchlorate  formed  was  removed  by  filtration,  and  the  filtrate 
evaporated  to  dryness  on  a  rotary  evaporator  and  dried  in  a  vacuum 
desiccator  overnight. 

Spectra  of  saturated  solutions  of  the  chloride  in  deuterium 
oxide  (99.5$,  Matheson,  Coleman,  and  Bell)  were  obtained  with  IMS 
used  as  an  external  standard.  Solutions  were  made  acidic  (pD  =  1) 
with  trifluoroacetic  anhydride  (Aldrich). 

The  solubility  of  the  lactic  acid  and  methylthioacetic  acid 
complexes  posed  no  such  problem  and  spectra  were  obtained  using 
the  porchlorate  salt. 
Ion  Exchange  Studies 

All  ion  exchange  separations  were  carried  out  using  Biorad 
AG  50W-X2,  200-^00  mesh  (purified  standard  Dowex  resin  of  the  same 
designation) ,  analytical  grade  cation  exchange  resin.  The  resin 
was  converted  to  either  the  sodium  or  lithium  form  from  the  hydro- 
gen form  by  soaking  and  washing  the  resin  in  a  solution  of  1  H  in 
NaOH—NaClCv  or  LiOH--LiClCv  ,  then  rinsing  with  distilled  water 
until  the  eluent  was  neutral  to  Hydrion  paper. 

Because  of  the  fine  mesh  of  the  resin,  nitrogen  pressure 
(15  psi)  was  used  to  increase  the  flow  rate  from  1-2  ml/min  to 
6-7  ml/min.  Separation  of  bands  was  adequate  under  conditions  of 
the  latter  flow  rate.  Elution  characteristics  for  several  ions  of 
interest  are  given  in  Table  I  (p.  27 ). 
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Treatment  of  Kinetic  Data 

For  all  the  oxidation-reduction  reactions  studied  it  was 
determined  that  the  reactions  were  first  order  in  both  oxidant  and 
reductant  over  the  ranges  considered.  The  stoichiometry  was 
established  to  be  one  mole  of  oxidant  consumed  per  mole  of  reduc- 
tant, vide  infra.  The  differential  rate  law  then  for  reactions 
first  order  in  each  species  nay  be  expressed  as  follows: 

-d[R]     -d[o] 


dt       dt 


kobsM0]  (1) 


where  [r]  and  [o]  are  the  respective  concentrations  of  reductant 

and  oxidant  and  k  ,   is  the  rate  constant  observed  at  a  given 
obn 

acidity.  In  some  cases  the  rate  was  also  a  function  of  acidity 
as  well.  Determination  of  acid  dependencies  will  be  discussed  with 
the  specific  reactions  involved. 

Integration  of  the  differential  equation  above  yields,  when 
the  reductant  is  in  excess, 

Mo  "  *      (Mo  "  [0]o)kt  [R"J0 

log     (  -— )     =    +     log     (  — -  )     (2) 

Mo  -  x  2.303  Mo 

where  the  subscript  (0)  represents  initial  concentrations  and  x 
represents  the  concentration  consumed  at  time,  t. 

The  use  of  Beer's  Law  (A  =  ebC,  where  the  terms  are  absor- 
bance,  molar  extinction  coefficient,  cell  path  length  in  cm,  and 
concentration  in  moles  per  liter,  respectively)  allows  the  expres- 
sion of  equation  (2)  in  terms  of  experimentally  observable  para- 
meters. If  one  or  more  of  the  reactants  and /or  products  has  a 
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characteristic  absorbancc  at  the  wave  length  monitored,  equation 
(2)  may  be  expressed  as 

Mo  DO. 

A.  +  (  -  1  A„  -  (  ^ 

t          [0]o          [0]o 
log 

<  Wo  -  [O]0)kt  [R]0 

+  log  (  )     (3) 

2.303  [0]o 

where  A  is  the  absorbance  observed  at  the  respective  times  (0,  t, 
and  a,  ).  A  plot  of  the  left  side  of  equation  (i)   vs  time  allows 
an  observed  rate  constant  to  be  determined  (i.e.,  slope  = 

(Mo  -  [0]o)k 

). 

2.303 

■Wherever  feasible  a  large  excess  of  reductant  (Wo  >  10[0]o) 

was  used.  Under  this  condition  equation  (3)  may  then  be  reduced 

to  the  form 

k   t 
log  (At  -  A,,,  )  =  -  2353  +  log  (A0  -  A,,,  )     W 

where  kta"  Wlok.  In  this  case  a  plot  of  log  (A  -  AJ  ys  t 
allows  an  observed  rate  constant  to  be  obtained.  Use  of  the 
average  value  of  |_Kja  reduces  the  inherent  error  in  the  approxi- 
mation leading  to  equation  (4).  The  derivation  of  equations  (3) 
and  (k)   can  be  found  elsewhere. 

For  the  cases  where  the  forward  and  reverse  rate  constants 
were  to  be  evaluated  for  an  equilibrium  reaction  of  the  type 

Z  +  H+  y=±  P 
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where  [p]0  -  0,  [z]0  =  Z,  and  hydrogen  ion  was  present  in  large 

excess,  equation  CO  may  be  utilized  by  replacing  A,,,  with  A  . 

eq 

Thus 

log  (At  .  Aeq)  =  -  ^  ♦  log  (Aa  -  Aeq)     (5) 

where  k  ,   =  k_  +  k  .  The  forward  and  reverse  rate  constants 
obs    f    r 

were  thus  derived  from 


k  v  k  ,  [P  1 

obs  obs  L  eqJ 


f   1  +  (1/K  [H":"l)  '   r   1  +  K  [H+]  '  **>  "  [Z  ][H+] 
eq1-  -"  eq1-  J         L  eqJL-  -' 

30  31 
Elucidation  of  this  method  is  discussed  elsewhere.  ' 


Evaluation  of  Activation  P^xameters 


Consider  the  simple  bimolecular  reaction 

K*       k* 
R  +  0  SS*  (R0)*  **  Products 

where  species  R  and  0  form  the  activated  complex  (RO)*  which  then 

32 

may  proceed  to  products,  following  methods  previously  outlined, 

K*  can  be  treated  as  an  equilibrium  constant  and  the  reaction  rate 
expressed  as 

-d[R]  kT 

=    k  [Rl[ol     ■    k*K*[R~|[ol     =    —  K*[R]|_0]  (6) 

dt  p  h 


and      kp    =  (^)K*  (7) 

where  k     is  the  observed  rate  constant,  k  is  Boltznarmfe  constant, 
P  ' 
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h  is  Planck's  constant,  and  T  is  the  absolute  temperature.  Treat- 
ment of  K*  as  an  equilibrium  constant  allows  the  expression 

AG-  =  -RT  In  K*  (8) 

to  be  used.  Then 

k   .  «e-A^/RT  =  H  eAS*/R  e-fiH*/RT        {?) 

Equation  (9)  raay  then  be  converted  into  the  form  of  a  linear 
equation  to  yield 

k 

leg  (yM  =  log  (g)  +  ^  -  2~ J  (10) 

k     - 

A  plot  of  log  (-;£)  vs  -  then  yields  a  value  for  AH*  from  the 

slope,  m: 

AH*  =  -2.3R(m)  (11) 

The  entropy  of  activation  can  be  obtained  from  the  y-intercept,  b, 
by  using  equation  (12), 

AS*  =  b  -  log  (|)2,3R  .  02) 


RESULTS 

Characterization  of  Complexes 

Spectral  and  ion  exchange  properties  upon  which  the  charac- 
terization of  all  complexes  are  partially  based  are  summarized  in 
Tables  I,  II  and  III.  Proton  magnetic  resonance  data  for  the 
methyl,  methylene  and  nethinyl  protons  of  interest  are  listed  in 
Table  IV. 

2-Hercaptopropionatobis(eth:ylenediamine)cobalt(III)  Perchlorate — 
[Co(en)2(00CCH(CHjS)]ci04 

Characterization  of  this  complex  was  accomplished  by  elemen- 
tal analysis,  infrared,  visible,  ultraviolet,  and  proton  magnetic 
resonance  spectroscopy,  ion  exchange  chromotography,  acidity 
studies  and  reaction  patterns  both  independently  and  in  comparison 
with  the  previously  reported  mercaptoacetato  complex.    The  basis 
for  the  formulation  of  the  complex  as  written,  bound  through  car- 
boxylate  oxygen  and  mercaptide  sulfur,  will  now  be  summarized. 

Elemental  analyses  for  carbon,  hydrogen,  nitrogen,  sulfur 
and  cobalt  as  previously  reported  in  the  Experimental  section  were 
in  pood  agreement  with  the  calculated  percentages.  The  infrared 
spectrum  of  the  complex  exhibited  no  absorption  in  the  2,500  cm 

area  which  substantiates  tne  sulfur  being  deprotonated  in  the  com- 

-1  -1 

plex  as  a  solid.  Intense  absorption  at  1,630  cm   and  l.^+O  cm 
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TABLE  I 

Elution  Characteristics  of  Some  Cobalt(IXI )  and  Chrondum(III )  Species 

Species 

Eluentb 

V^ml)0'6 

V2(ml)d*e 

cis-rCo(en)2(Cl)2t' 

1 

65 

4o 

[Co(er.)2(OOCCH(CH  )S)]+ 

1 

60 

30 

2 

35 

20 

[Co(en)2(OOCCH(CH3)0)^f 

1 

55 

30 

[Co(en)2(OOCCH(CH3^OH)]2+  ^ 

2 

100 

50 

£Co(en)o(OOCCIi23oU„)  j 

1 

325 

130 

[Co(en)2(00CCH2NH2)]2+ 

1 

420 

140 

2 

125 

70 

[Co(E20)6f+ 

1 

210 

100 

2 

90 

40 

[Co(en)3]3+ 

1 

1000 

— 

2 

600 

— 

[Cr(H20)4(00CCH(CH3)S)]+ 

1 

45 

25 

[Cr(H20);,(O0CCH(CH3)0)]+ 

1 

50 

25 

[Cr(R20)r(OOCCH(CH3)SH)]2+ 
[Cr(H20)r(0OCCH(CH3)0H)]2+ 
[Cr(H20)5(OOCCH2SCH3)]2+ 

2 

90 

40 

2 

85 

40 

1 

115 

50 

[  CrUy»  c(ooc;ch?nh3)]3+ 

[Cr(H20)6]3+ 

2 

1 

550 
230 

200 

100 

2 

110 

45 

a                                              + 
30  x  1.25  cm  column  in  ml     form. 

0.2  mmole  used  of  each 

ion.     Eluents: 

(1)  1.0  M  HaCIO,, ;    (2)   0.10  M  HC1C 

1^—2.0  M  NaCIO,,.     °Volume 

eluent  passed 

beiore  band  starts  to  elute.     Volume  eluent 

passed  for  elution  of  band. 

Approximate  volumes.     Duplicate 

runs  varied 

up  to  15$. 
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TABLE  IV 
PMR  of  Various  Protons  Adjacent  to  Chalcogens 


Species 


Medium 


Methinyla  Methyl*  Methylene3,  Ref . 
Proton      Protons     Protons 


H00CCH(CH,)SH 
D00CCH(CH   )SD 
Na00CCH(CH   )SD 
[Co(en)2(OOCCH(CH3)S)]+ 
[Co(en)2(OOCCH(CH   )S)]+ 
NaOOCCHfCH    )0D 
[Co(en)2(00CCH(CH   )0)]+ 


[Co(en)2(00CCH(CH   )0D)] 
CH  SCH2CH2C00CH 


i2+ 


CH2(SCH2C0OH)2 

[Co(en)2(00CCH2SCH  )]' 
[Co(en)2(00CCH2SCH  )] 


r 

i2+ 


D  NCH  COOD 


[Co(en)2(00CCH2NH2)T 


,2+ 


NaOOCCH  SD 
)CCH2SH 


[Co(en)2(OOCCH2S)] 
[Co(en)2(00CCH2S)]+ 


NaOOCCIUOD 
D00CCH20D 


+ 
[Co(en)2(OOCCH20)] 

[Co  (en)2  (00CCH20D )  J* 

CH  SCH2CH(ND2)C00D 

[Co(en)2(OOCCH(CH2SCH3)NH2)] 


,2+ 


CDC1 

D20 

D20 

D2° 

D20-CF  C0OD 

D20 

D20 

D20-CF  COOD 

D20 

CF  COOD 

D20 

D20-CF  COOD 

D2° 

D2° 
D20 

CDC1 

D2° 

D20-CF  COOD 

D2° 
D2° 
D20 

D20-CF  COOD 

D2° 
D20 


3.58 
3.65 
3.45 
3.51 
3.51 
4.09 
3.92 
4.36 


4.51 
3.6o 


1.56 
1.4-8 
1.35 
1.32 
1.32 
1.30 
1.25 
1.32 
2.08 

2.38 
2.38 


2.22 
2.22 


2.55 
A=3.62 

3.75 
3.75 
3.58 
3.58 
3.51 
3.31 
3.10 
3.10 
3.99 
4.29 
3.90 
4.26 
3.27 
3.08 


b 

c 
c 
c 
c 
d 
c 
c 
d 
d 

c 

c 

d 

e 

d 

d 

10 

10 

d 

d 

10 

10 

d 

39 


Ttownfield  from  TMS  (in  ppm).     \arian  Associates  Catalog,  Vol.  II.     cThis  work, 
^adtler  Tables.     eD.  H.  Williams  and  D.  H.  Busch,   J.  Amer.  Chem.  Soc.  87., 
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indicate  the  presence  of  coordinated  carboxylate.  '    These 
data  are  consistent  with  the  ion  exchange  studies  which  indicated 
a  unipositive  ion  (Table  I). 

Spectral  parameters  in  the  visible  and  near-ultraviolet  for 
the  compound  are  as  follows:  [\(e):     517(152  +  2),  360(340  t  20), 
282(1.23  t  0.02  x  10  )].  The  error  associated  with  the  molar 
absorptivity  at  360  nm  corresponding  to  the  T,  <—  A,  d-d  trans- 
ition is  due  to  its  super  position  on  the  tail  of  the  intense  band 
at  282  nm.  This  contributes  to  the  rather  high  value  for  the  molar 
absorptivity  at  360  nm  with  intensity  borrowing  from  the  higher 
energy  peak  also  appearing  important.  It  was  necessary  to  use  the 
ultraviolet  rather  than  the  visible  source  because  the  slit  width 
with  the  former  allowed  for  better  resolution  at  the  360  nm  setting 
to  define  the  shoulder  clear ly. 

The  near -ultraviolet  peak  is  assigned  to  sulfur-to-metal 
charge  transfer  due  to  its  large  molar  absorptivity  and  the  appear- 
ance of  similar  peaks  (i2  nm)  in  the  spectra  of  the  2-mercaptoace- 
tato,  2-mercaptoethanolato  and  2-mercaptoethylamine  complexes. 
Similar  peaks  are  absent  in  the  spectra  of  the  oxygen  analogues. 
A  fourth  absorbance  with  maximum  near  220  nm  and  molar  absorptivity 
of  19,000  -   2,000  was  noticed  for  the  thiolactato,  lactato,  mercap- 
toacetato,  glycolato  and  glycinato  species,  but  reproducibility  is 
less  than  desirable.  It  is  tempting  to  assign  this  transition  to 
carboxylate  oxygen-to-netal  charge  transfer  which  would  then  corre- 
late the  lower  energy  culfur-to-metal  charge  transfer  with  the 
greater  ease  of  oxidation  of  sulfur  relative  to  oxygen. 

As  for  the  mercaptoacetato  complex,   no  change  in  visible  or 


near-ultraviolet  spectral  parameters  over  the  pK  range  0-7  lead 
to  the  conclusion  that  the  thiclactato  complex  is  not  detectably 
basic  under  the  conditions  studied.  Kinetic  data  support  this 
observation,  vide  infra.  The  lack  of  basicity  in  this  range  is 

comparable  to  the  results  observed  for  the  uiercaptoacetato  cobalt 
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complex   and  thiolochroiaium  complex.  ' JJ 

Proton  magnetic  resonance  spectra  of  several  cobalt (III)- 
chalcoganide  complexes  previously  have  shown  that  the  resonance  of 
the  methylene  protons  contiguous  to  the  coordinated  chalcogenide  is 
shifted  upfield  by  0.2  -  o.?  ppm  from  the  neutral  free  ligands  and 

that  deuteronatior.  of  coordinated  alkoxide  shifts  the  methylene 

10  19  To 
resonance  to  near  that  of  the  free  ligand.  «•*••"  it  has  also  been 

demonstrated  that  the  resonance  of  methylene  protons  adjacent  to 
coordinated  sulfur  remains  shxfted  equally  upfield  from  the  free 
ligand  in  both  neutral  and  acidic  media.  '  y 

From  these  results  it  was  expected  that  the  methinyl  proton 
on  the  propionate  skeleton  would  exhibit  similar  behavior.  The 
resonance  of  the  methinyl  proton  adjacent  to  coordinated  sulfur  in 
the  2-mereaptopropionate  skeleton  is  shifted  upfield  from  the  neu- 
tral free  ligand  resonance  but  by  the  smallest  amount  yet  observed, 
0.14  ppm.  Such  a  small  shift  seems  inadequate  to  diagnose  sulfur 
coordination  except  in  combination  with  other  supportive  data  such 
as  that  presented  here.  The  methyl  resonance  is  similarly  shifted 
upfield  by  only  a  small  amount,  0.16  ppm.  The  lack  of  response  in 
the  methyl  resonance  to  acidification  supports  the  contention  that 
sulfur  is  not  protonated  over  the  acid  range  studied.  The  reacti- 
vity patterns  and  product  studies  described  below  provide  further 
confirmation  of  the  formulation  of  the  complex  as  described. 
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Lactatobis(cthylenediamine)cobalt(III)  Perchlorate--[Co(en),,(OOCCH- 
(CH3)0)]C104 

Similar  techniques  were  employed  for  the  characterization  of 
this  complex.  Elemental  analyses  for  carbon,  hydrogen,  nitrogen 
and  coba.lt  were  in  good  agreement  with  the  calculated  values  for 
the  complex  as  a  unipositive  ion  coordinated  through  both  carboxy- 
late  and  alkoxide  oxygen  atoms  (Experimental  section).  Further, 
the  complex  eluted  as  a  +1  ion  with  neutral  eluent  and  as  a  +2  ion 
with  an  eluent  of  pH  =  1  using  the  previously  described  ion  exchange 
methods  (Table  I), 

Infrared  spectral  data  confirm  the  presence  of  coordinated 
carboxylate  which  exhibits  maxima  at  1,630  cm   and  1,350  cm  . 
Determination  of  the  presence  or  absence  of  coordinated  alkoxide 
by  examination  of  the  0-H  stretching  region  was  rendered  impossible 
due  to  broad  N-H  and  C-H  stretching  mode  absorption  originating  from 
the  ethylenediamine  ligands  in  the  3,500  cm   and  3,000  cm 
region. 

Spectral  parameters  in  the  visible  and  near-ultraviolet  re- 
gions are  as  follows:  [\(e):  517(138,  360(153)  in  neutral  water 
and  4-99(113),  3^9(123)  in  0.10  M  HCIO^].  An  absorption  near  220  nm 
with  unreliable  reproducibility  in  molar  absorptivity  was  also 
present. 

Determination  of  the  K  of  the  complex  was  necessary  due  to 
its  inclusion  in  the  rate  expression  at  low  pH,  vide  infra.  A  value 
was  obtained  using  three  methods  of  determination  which  gave  good 
agreement.  A  pKa  of  3.36  at  1.0  M  ionic  strength  (LiClO.)  was 
obtained  by  spectral  methods.  J    Direct  electrometric  titration 
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with  0.100  N  HC1  of  one  millimole  of  complex  in  100  ml  of  water 
gave  pK  =  3.33.  A  titration  with  0.100  N  NaOH  of  one  millimole 
dissolved  in  25.0  ml  0.100  N  HC1  (providing  a  known  excess) 
yielded  pK  =  3.^3  (  M  =  0.10  M).  A  value  of  3.37  4  0.06  was 
adopted  as  the  pK  of  the  complex.  It  can  be  seen  that  there  is 

little,  if  any,  variation  with  ionic  strength  as  has  been  found 

37 
elsewhere.    The  value  of  3.37  is  in  reasonable  comparison  with 

those  for  the  analogous  glycollato  complex  (pK  =  3.3  -   0.3)  and 

the  2-aminoethanol  complex  (pK  =  3.59).    The  [Co(en)2(00CCK(CH,)- 

-i2+  2  7      2  2 

OH)  J"  ion  is  more  acidic  by  a  factor  of  10    and  10  *  over  the 

corresponding  cis-diaquo  and  [_Co(NH.Jc(H0CH,,) J   complexes  with 
pK  values  of  6.1  and  5.58,  respectively. 

The  pmr  spectrum  of  this  complex  reveals  a  resonance  for  the 
methyl  group  adjacent  to  alkoxide  oxygen  Trtiich  is  only  slightly 
shifted  relative  to  the  free  ligand  monoanion  in  both  neutral  and 
acidic  madia  (Table  IV).  In  contrast,  the  methinyl  proton  reso- 
nance is  shifted  upfield  by  0.17  ppm  from  the  free  ligand  mono- 
anion. The  comparisons  evident  in  Table  IV  suggest  that  the  shift 
from  the  free  neutral  ligand  will  be  comparable  to  that  observed 
for  the  glycollate  complex.  Together  with  the  observation  that 
deuteronation  effects  a  O.kk  ppm  shift  downfield  compared  to  a 
0.36  ppm  shift  for  the  glycollate  complex,  this  appears  to  vali- 
date the  resonance  shift  criterion  for  alkoxide  coordination. 
The  diminished  sensitivity  of  the  2-mercaptopropionate  methinyl 
resonance  to  mercaptide  coordination  is  not  understood  but  may 
arise  from  steric  effects. 
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The  pmr  spectra,  the  acidity  of  the  complex,  failure  to 
incorporate  water  on  recrystallization  aid  the  striking  similarity 
in  the  visible  spectra  (both  in  acidic  and  neutral  media)  to  the 
analogous  glycollato  complex  previously  characterized  and  reported^ 
provide  evidence  that  the  alcohol  function  is  coordinated  to  the 
metal  center  in  solution.  Reactivity  patterns  and  product  studies 
described  below  are  consistent  with  this  conclusion.  Further, 

prolonged  exposure  of  the  complex  to  0.10  M  HC1CV  effects  a  first- 

-7         -1 
order  reaction  (k  •  1.9  x  10   sec  )  to  what  is  assumed  to  be 

cis-[Co(en)2(0H2)(00CCH(CH  )0H)]   on  the  basis  of  spectral  compar- 
ison to  the  cis-acetato-aquo  and  cis-glycollato-aquo  analogues 
(Table  II). 

2-Hethylthioacetatobis(ethylenediamine)cobalt(III)  Perchlorate — 
£Co(en)2(00CCH2SCH3)](CK)^)2 

This  compound  was  characterized  utilizing  the  methods  employ- 
ed for  the  previous  compounds.  Elemental  analyses  for  carbon, 
hydrogen,  nitrogen  and  sulfur  were  found  to  be  in  good  agreement 
with  the  calculated  values  (Experimental  section).  The  finding 
that  analyses  for  hydrogen  and  sulfur  were  very  slightly  lower  and 
higher,  respectively,  than  the  calculated  values  weighs  heavily  in 
favor  of  coordination  through  carboxylate  oxygen  and  thioether 
sulfur  since  the  principal  probable  impurity,  that  with  water 
coordinated  in  place  of  the  thioether  function,  would  reverse  the 
deviations.  Ion  exchange  characteristics  for  the  complex  were  that 
of  a  +2  ion  (Table  I). 

Infrared  spectral  data  confirm  the  presence  of  coordinated 
carboxylate  via  strong  absorptions  at  1,630  cm"  and  1,350  cm"  , 
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which  are  characteristic  of  this  mode  of  coordination.  '   The 
definition  of  sharp  absorbances  at  3, '+70  cm"  and  3,400  cm"  char- 
acteristic of  N-H  stretching  modes  argues  against  presence  of 

water  in  the  solid  since  presence  of  the  latter  usually  obscures 
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the  N-H  stretches. 

Spectral  parameters  in  the  visible  and  near-ultraviolet  for 
the  compound  are  as  follows:  [MO:  ^99(168),  360(250),  280 
(7,300)1.  As  previously  noted  for  the  2-mercaptopropionatocobalt- 
(III)  complex,  the  absorption  at  280  nm  is  taken  empirically  to  be 
characteristic  of  metal-sulfur  coordination.  This  transition 
energy  is  attributable  to  alternative  formulation  only  with  exces- 
sive difficulty.  In  the  pH  range  1-6  there  was  no  change  in  the 
spectral  observations  as  would  be  expected  for  a  weakly  basic  tri- 
valeut  sulfur  atom.  For  the  experimental  conditions  used  ta)  this 
study  the  complex  was  found  to  be  stable  in  solution  for  at  least 
four  hours,  a  period  much  longer  than  that  employed  in  the  kinetic 
measurements. 

The  advantage  of  using  as  a  structural  probe,  the  reaction  of 
a  species  with  a  reagent  whose  reactivity  patterns  are  thoroughly 
characterized,  is  demonstrated  convincingly  in  this  case.  Reactions 
of  the  complex  with  [Cr(H20)x]   proceeds  in  two  or  three  observable  ' 
steps  to  yield  an  isolable  carboxylatopentaaquochromium(III)  product 
with  the  rate  of  the  first  step  being  independent  of  acid  concentra- 
tion, vide  infra.  This  behavior  cannot  be  reconciled  with  that 
expected  for  the  only  apparent  alternative  formulation,  [(en),Cb(H20)- 
(OOCCH-jSCH.)^  ,  which  should  be  reduced  in  one  step  to  the  carbox- 
ylatopentaaquochromium(III)  product,  or  with  an  inverse  acid 
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concentration  dependence  to  yield  [Cr(H20)6]3  ,  [Cr(H20L(00CC- 
H2SCH3)]2+  or  [Cr(H20)5(CH3SCH2COOH)]3+.  The  last  complex  is,  in 
fact,  believed  to  be  the  initial  product  which  can  convert  to  the 
carboxylatopentaaquochromium(III)  product  in  two  steps,  chelation 
by  carboxylate  followed  by  dechelation  at  sulfur.  However,  its 
genesis  by  a  rapid,  acid  independent  reaction  cannot  reasonably 
be  attributed  to  reaction  with  the  alternative  complex.  Its 
generation  can  be  rationalized  in  terms  of  the  formulation  pre- 
sented, vide  infra. 

The  proton  magnetic  resonance  spectrum  of  the  complex  aDpears 
to  provide  corroborative  support  for  the  thioether  function  being 
coordinated.  The  methyl  resonance  undergoes  a  shift  of  0.30  ppm 
downfield,  relative  to  the  esterified  methylthiopropionic  acid, 
while  the  methyl  resonance  for  the  complex  of  S-methylcysteine  in 
which  the  thioether  is  not  coordinated-^  remains  unshifted  relative 
to  the  free  ligand  value.  Further,  the  methylene  resonance  is 
shifted  downfield  by  0.13  ppm  for  this  complex,  relative  to  a 
comparable  ligand,  whereas  for  the  pendant  thioether  complex,  the 
shift  is  0.2  ppm  upfield.  Thus,  if  the  complex  is  regarded  as 
being  derived  from  the  mercaptoacetate  complex  by  a  methyl  car- 
boniura  ion  substitution  on  coordinated  sulfur,  the  effect  on  the 
methyl  and  methylene  resonances  are  similar  to  but  larger  than 
that  arising  from  deuteronation  of  coordinated  alkoxide,  vide  infra. 
Admittedly,  this  represents  an  entirely  empirical  approach  to  the 
interpretation  of  pmr  shifts  on  coordination  which  must  be  regar- 
ded as  tentative  and  subject  to  reevaluation  as  evidence  accumu- 
lates. Fortunately,  the  assignment  of  thioether  as  an  active 
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donor  function  in  this  complex  rests  as  well  on  the  broader 
evidence  adduced  previously. 
Glycinatobis(ethylenediamine)cobalt(III)  Perchlorate — [Co(en)„(00- 

ccjyeyKcio^ 

This  compound  was  characterized  by  elemental  analysis,  visible 
and  infrared  spectroscopy,  and  ion  exchange  chromatography.  Elemen- 
tal analyses  for  carbon,  hydrogen,  nitrogen  and  cobalt  were  in  good 
agreement  with  the  calculated  values  (Experimental  section).  Ion 
exchange  behavior  identified  the  ion  as  a  +2  species  with  both 
neutral  and  0.10  H  acid  eluent  (Table  I). 

Visible  spectral  parameters  for  the  complex  in  water  and 
0.10  M  acid  are  as  follows:  Q\(£) :  4-87(98),  346(106)].  The 

infrared  spectrum  exhibited  intense  peaks  at  1,640  cm   and  1,340 

-1  16  T} 

cm   characteristic  of  coordinated  carboxylate.  **J    The  spectral 

parameters  are  in  good  agreement  with  the  previously  prepared  and 

reported  chloride  salt  of  the  complex,  [Co(en)2(00CCH2NH2)]ci2.16 

2-Mercaptopropionatopsntaaquochromium(III )  Ion  (Mereaptide-Bound)— 
[Cr(H20)5(SCH(CH3)C0OH)]'f 

The  reaction  of  aqueous  chromium(II)  with  [Co(en)„(00CCK- 
(CH.)S)]  is  extremely  rapid  and  results  in > 90$  incorporation  of 
the  mercaptopropionate  in  the  chromium(III)  product  coordination 
sphere,  vide  infra.  On  the  basis  of  these  observations  and  the 
hi  ph  sterif.  improbability  of  a  doubly  bridged  mechanism  utilizing 
both  carboxylate  oxygen  and  morcaptide  sulfur  evident  in  models 
lead  to  the  formulation  of  the  first  product  of  the  oxidation- 
reduction  as  [Cr(H20)5(SCH(CH3)COOH)]2+.  When  the  reaction  of  the 
cobalt(III)  complex  and  chromium(II)  ion  is  performed  with  a  slight 
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excess  of  oxidant  a  fleeting  intermediate  is  observed  which  under- 

-2  -1    -1 
goes  a  rapid  subsequent  reaction  (k  ,   -  3.29  x  10   M.   sec   at 

[H  J  =  0.90  M,  see  kinetic  description  below)  tc  produce  a  species 
spectrally  identical  to  the  chelated  2-mercaptopropionatotetra- 
aquochromiuia(III )  ion,  a  sufficiently  long-lived  species  to  be 
partially  characterized  in  solution  and  the  only  isolable  product 
of  the  reaction  of  the  cobalt(III)  complex  in  the  presence  of  the 
excess  chromium(II )  ion. 

The  sulfur-bound  monodentate  intermediate  is  not  sufficiently 
long-lived  to  determine  its  spectral  parameters,  but  the  relatively 
small  change  in  absorbance  observed  on  conversion  to  the  chelated 
product  suggests  an  anomalously  high  molar  absorptivity  for  the 
intermediate.  Since  the  intermediate,  as  formulated,  is  comparable 
to  the  [Cr(K20)5SH]2+  species  (see  Table  III),  the  spectral  obser- 
vations are  then  reasonable  and  lend  credence  to  the  nature  of  the 
short-lived  species  as  proposed. 
2-Mercaptopropionatotetrs.aquochromium(III)  Ion — [Cr(H„0)^(00CCH- 


(CH3)S)]+ 
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The  isolable  product  obtained  from  the  previously  descussed 
species  or  from  reaction  of  the  cobalt(III)  complex  with  excess 
chromium(II )  is  so  formulated  on  the  basis  of  ion-exchange  behav- 
ior and  spectral  parameters  observed  from  the  products  of  the 
reaction  of  [Co(en)2(00CCH(CH  )S)]  and  Cr(II),  a  representative 
example  of  which  follows. 

A  210  ml  reaction  mixture  initially  5.0  x  10~^  M  in  Co(lII), 
5.1  x  10"-^  M  in  Cr(II)  and  0.020  H  in  H  was  exposed  to  the  air 
after  a  five-minute  reaction  period  and  charged  onto  a  30  cm 
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(1.2  cm  diameter)  column  of  Biorad-purified  Dowex  50  w-x2,  200, 
400  ir.esh,  cation  exchange  resin  in  the  lithium  form.  After  a 
charging  and  washing  time  of  about  thirty  minutes  a  +1  chromium 
species  was  eluted  with  0.25  M  LiClO^.  The  band  began  to  elute 
after  passing  about  50  ml  of  eluent  and  was  collected  in  about 
35  ml.  Volume  was  adjusted  to  100  ml  with  eluent  serving  as 
diluent.  Aliquots  of  this  solution  were  then  used  for  further 
study  with  appropriate  additions  of  standard  !1C10^  and  solid 
LiClO^  to  maintain  the  desired  pH  and  ionic  strength.  Separate 
runs  provided  90-95$  recovery  of  the  2-mercaptopropionate-contain- 
ing  chromium(III )  ion,  on  a  1:1  mole  basis  relative  to  the  amount 
of  cobalt(III)  complex  used  initially,  based  on  the  previously 
described  method  for  chromium  determination,  vide  supra. 

That  this  product  is  the  chelated  2-mercaptopropionate  com- 
plex is  confirmed  by  the  +1  charge  and  its  spectral  parameters 
[a(£):  545(71.2  ±  1.0),  440(52.2  ±  1.0),  265(5040  *   150)]  (the 
uncertainties  in  the  molar  absorptivities  are  due  to  subsequent 
reaction  of  the  species ,  vide  infra) .  These  values  compare 
favorably  with  those  of  mercaptoacetatotetraaquochromium(III)  ion 
and  thiolopentaaquochromium(IIl)  ion  (Table  III).  In  both  of  the 
latter  species  the  high  energy  d-d  transition  (440  nm)  and  the 
near -ultraviolet  absorbance  (265  nm,  provisionally  assigned  to 
sulfur-to-metal  charge  transfer,  vide  supra,  strongly  suggest 
mercaptide  coordination.  The  fact  that  the  low  energy  d-d  transi- 
tion (545  nm)  occurs  for  both  acid  complexes  and  is  blue-shifted 
from  the  values  for  the  thiolo  and  aquo  chromium  species  indicates 
carboxylate  coordination  (Table  III);  Similar  observations  have 
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been  reported  for  several  car boxylate -bound  chromiura(III ) 

35 
species.    The  high  molar  absorptivities  observed  suggest 

chelation,  vihich  would  lower  the  overall  symmetry.  Examination 
of  the  molar  absorptivities  of  several  cis-aquo  carboxylate  com- 
plexes of  both  cobalt(III)  and  chromium(III)  further  substan- 
tiate this  explanation  (Table  II  and  III),  Occurence  of  the 
suli'ur-to-metal  charge  transfer  absorbance  some  20  nm  higher  in 
energy  for  chromium(III)  complexes  than  for  cobalt(III)  complexes 
lends  credence  to  the  assignation  of  the  transition  to  trie  charge 
transfer  in  view  of  iha  decreased  tendency  of  chromium(lll)  to  be 
reduced  relative  to  that  of  cobalt(III),  (E^  (M3+'2+):  +1.84  v 
(Co3+/Co2+),  JQM   v  (Cr3+/Cr2+)).4° 

2-Hercaptopropionatopentaaquochromium(III)  Ion  (Carboxylate- 
Bound)— [Cr(H2O)5(O0CCH(CH„)SH)]2+ 

Isolation  in  solution  of  this  species  from  the  direct 
reaction  of  the  cobalt(III)  complex  and  chromium(II )  is  not  possible 
due  to  presence  of  the  cobalt(Il)  ion  produced.  Elution  character- 
istics of  the  product  +2  ions  are  nearly  the  same,  resulting  in  an 
ineffectual  separation.  However,  isolation  of  the  previously 
described  chromium(III )  chelate  complex  followed  by  subsequent  reac- 
tion in  various  acid  solutions  affords  a  route  to  an  equilibrium 
mixture  of  the  chelate  and  pendant  (carboxy late-bound)  chromium(III ) 
ions.  This  mixture  can  then  be  separated  by  ion  exchange.  Use  of 
the  ionic  strength  in  the  range  0.25  M  to  0.50  M  in  HC1CV — LidO. 
for  the  equilibrium  reaction  results  in  the  chelate  fraction  not 
being  retained  on  the  column  while  the  +2  monodentate  form  remains. 
Elution  with  1.0  M  LiClO.  allows  isolation  of  the  monodentate  form. 
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Because  of  subsequent  reaction  of  the  monodentate  carboxylate 
ion  to  hexaaquochromium(III)  it  is  not  possible  to  recover  total- 
ly the  initial  amount  of  chromium  as  either  chelate  or  monodentate. 

The  monodentate  product  was  characterized  by  its  +2  charge 
and  the  similarity  of  its  visible  spectrum  [a(£):  568(25.0  ±  1.0), 

411(2'+. 5  +  1.0)]  to  previously  prepared  carboxylatochroraium(III ) 

35 
ions.    Again  a  high  energy  peak  at  about  210  nm  was  present,  but 

again  of  varying  intensity  (e  =  19,000  t  2,000). 

Upon  isolation,  solutions  of  the  monodentate  carboxylato 
product  can  be  observed  to  undergo  subsequent  reaction  spectro- 
photoi.;etrieallj'.  Ion  exchange  separation  of  an  equilibrium  mix- 
ture after  several  days  results  in  three  separable  fractions.  The 
first  fraction  elutes  as  a  +1  ion  and  is  spectrally  identical  to 
the  original  [Cr(H20)^(00CCH(CH3)S)]  ion  whereas  the  second  frac- 
tion is  the  monouentate  species,  the  +2  ion  [Cr(H90),(OOCCH(CH.)- 

n2+ 
SB) J  .  The  presence  of  the  chelate  form  shows  that  de  chelation 

of  the  chromium-sulfur  bond  is  reversible.  The  third  fraction  was 

identified  as  [Cr(H20)6]3+. 

Lactatopentaaquochromium(III)  Ion  (Alkoxide-Bound)-- [Cr(H„0),(0CH- 

(CHjC00H)]2+ 


That  this  species  is  the  first  product  formed  in  the  reaction 
between  aqueous  chromium(II)  ion  and  [Co(en),(00CCH(CH,)0H)]2+  at 
pH  =  3. k   (where  the  alcohol  function  is  substantially  deprotonated) 
or  of  the  path  inversely  proportional  to  hydrogen  ion  concentration 
at  low  pH,  vide  infra,  follows  lofdcally  in  comparison  with  the 
sulfur  analogue.  The  ion  has  not  been  independently  identified, 
however , 


Lacta-topontaaquochroiniura(IIl)  Ion  (Carboxylate-Bourid)— [Cr(H„0) 
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(00CCH(CH„)0H)]2+ 

From  the  reaction  of  [Co(en)2(OOCCH(CH3)OH)]2+  (1.0  x  10"2 
H),  with  chromium(II)  (1.1  x  10-2  M)  in  0.100  M  HCIO^,  a  diposi- 
tive  chromium(III)  product,  characterized  as  the  monodentate  lacta- 
to  complex,  can  be  isolated  using  ion  exchange  techniques.  The 
visible  spectrum  in  0.10  M  HCIO^  had  the  following  parameters: 
[\(€):  568(26.8  ±  1.0),  ^12(33.2  1  1.0)1.  The  molar  absorptivi- 
ties  are  slightly  higher  than  previously  reported  values  of  25.? 
and  31.2  for  the  respective  peaks,   but  it  should  be  noted  that 
the  complex  was  not  isolated  in  the  previous  work  and  values  are 
based  on  35$  complexation  in  a  solution  of  lactate  and  chromium(III ) 
ion.  It  should  be  noted  further  that  the  peak  ratios  reported  pre- 
viously (eXi/£X?  =  0«82)  do  agree  reasonably  well  with  values  ob- 
served in  this  work,  (£a-i/6V>  =  0.81). 

When  the  reaction  of  [Co(en)2(00CCH(CH„)0H)]   was  performed 

-A 

at  an  initial  acidity  of  ^.0  x  10   M  HCIO^,  two  chromium(III) -con- 
taining complexes  of  the  lactate  were  eluted  from  the  cation  ex- 
change column  in  the  approximate  molar  ratio  of  2:1.  The  first  and 
major  fraction  was  eluted  with  neutral  eluent  as  a  pink  +1  ion 
described  below.  The  second  fraction  eluted  with  the  same  neutral 
eluent  as  a  +2  ion  that  changed  over  short  but  observable  periods 
from  a  blue  color  on  the  column  to  a  pink  color  in  solution  with  a 
spectrum  identical  to  that  of  the  first  fraction  (pH  =  2.9).  The 
blue  species  may  be  the  alkoxide-bound  monodentated  complex  but  its 
fleeting  existence  makes  this  characterization  tentative.  Acidifi- 
cation of  both  fraction  to  pH  =  1  gave  the  spectrum  of  the  monoden- 
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tate  spscies  within  the  time  span  necessary  for  the  experiment 
(5-10  rain). 

From  the  fact  that  the  +2  and  +1  ions  are  readily  inter- 
convertible at  a  measurable  rate,  vide  infra,  it  can  be  surmised 
that  the  +1  ion  is  not  the  [Cr(H20)^(0H)(00CCH(CHj0H)]+  complex 
for  two  reasons:  (1)  The  pK  of  the  carboxylate-bound  +2  lactato 
complex  would  be  expected  to  be  near  that  of  the  acetate  analogue, 
[Cr(H20)5(00CCH3)]2+,  that  is,  pKa  =  4.5.25  (2)  If  the  hydroxy 
complex  were  important,  its  formation  would  be  expected  to  be 
diffusion  controlled. 
Lactatotetraaquochromium(III )  Ion--[Cr(H,,0V  (00CCH(CH.J0)] 

This  chelated  species  was  concluded  to  be  the  major  product 
observed  (~65#)  from  the  reaction  of  [Co(en)?_(OOCCH(C3i  )0)]  and 
chromium(Il)  at  pH  =  3.4.  Cation  exchange  separation  characterized 
the  species  as  a  +1  ion  which  had  spectral  parameters  of  [A(e): 
548(31.2),  437(38.1)]  at  pH  =  2.8.  Subjecting  the  monodentate 
carboxylato  species  to  pH  =  2.8  resulted  in  a  change  producing  sim- 
ilar spectral  parameters  based  on  total  chromium(III ) ,  [Me) : 
548(31  1  2),  437(3?  ±  2)],  within  the  five  minutes  necessary  for 
manipulation. 

Examination  of  the  spectral  parameters  of  the  proposed  che- 
late complex  and  comparison  to  the  analogous  mercaptopropionate 
complex,  which  appears  more  solidly  formulated,  supports  the  chelate 
form  for  the  +1  complex.  The  energies  for  the  d-d  transitions  are 
essentially  identical  for  both  the  alkoxide  and  mercaptide  complexes 
of  chromium(IIl)  (Table  III)  as  is  found  to  be  the  case  for  the 
cobalt(lll)  complexes  (Table  II).  The  red-shifting  of  the  high 
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energy  band  and  blue-shifting  of  the  low  energy  band  relative 
to  chromium (III)  occur  in  the  regions  expected  for  coordination 
through  alkoxide  and  carboxylate  but  not  expected  for  coordina- 
tion of  either  function  alone.  Finally,  the  observed  molar  ab- 
sorptivity would  be  anomalously  high  for  chroraium(III)  complexes 

bound  through  carboxylate  alone  in  comparison  to  similar  com- 

'35 
plexes. 

Methylthioacetatopentaaquochromium(III)  Ion  (Thioether-Bound) — 
[Cr (HgOMS (CH  )CH2COOH )]2+ 

By  comparison  to  the  mercaptide  complex,  this  species  is 
expected  to  be  the  first  product  formed  in  the  reaction  between 
aqueous  chromium(ll)  ion  and  [Co(en)2(00CCH2SCH,)]  ,  Since  the 
ion  has  not  been  independently  identified  and  its  formulation  is 
based  on  kinetic  results,  discussion  of  it  will  be  deferred  to 
the  appropriate  section, 

Methylthioacetatotetraaquochromium(III)  Ion— [Cr(H20)^(0OCCH2SC- 
83)] 

Formulation  of  this  ion  as  the  product  of  a  subsequent 

reaction  of  the  thioether-bound  monodentate  species  described  above 

is  based  on  kinetic  results  and  will  therefore  be  discussed  in  a 

later  section. 

Methylthioacetatopentaaquochromitim(III)  Ion  (Carboxylate-Bound)  — 
[Cr(H?0)5(OOCCH2SCH?)]2'r 

This  species  can  be  isolated  in  solution  in  >90%  yield  using 
cation  exchange  techniques  from  the  reaction  of  [Co(en)2(00CCH2SC- 
H„) J'  with  chromium(II)  ion  with  the  latter  in  deficiency,  equi- 
valency or  excess.  The  species  is  formulated  as  a  +2  ion  on  the 
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basis  of  ion  exchange  elation  behavior  (Table  II).  The  visible 
spectrum  in  0.50  M  LiClO^,  pH  =  3.4, exhibited  the  following  para- 
meters: [>(£):  567(26.7),  412(25.9)].  The  visible  spectrum  was 
found  to  be  quite  similar  to  that  of  the  [Cr(H20),(00CCH„SH)]Z+  and 
other  carboxylato-chromium(III)  species  (Table  III),  thus  confirming 
formulation  of  the  ion  as  described.  The  +2  ion  is  the  only 

observable  product  of  the  reaction  of  [Co(en)5(00CCH,SCH  )]2+ 

e     c       3 

and  Cr(II)  at  acid  concentrations  in  the  range  0.10  M  to  0.10  M. 
Glycinatcpentaaquochromium(IIl)  Ion  (Carboxylate-Bound)--[Cr(HPC) 


13+ 


5_ 


(ooccr-  ,.mi„)]J 
*-  ^ 

This  species  can  be  isolated  in  solution  in  >  90^  yield  using 

cation  exchange  techniques  from  the  reaction  of  [Co(en),(000CS2- 

-i2+ 
NHg)]   with  ohromium(Il)  with  the  latter  in  deficiency,  equiva- 
lency or  excess.  The  blue  product  is  formulated  as  a  +3  ion  on 
the  basis  of  ion  exchange  elution  behavior  (Table  I).  The  visible 
spectrum  in  1.0  M  LiClO^,  pH  =  3.5  exhibited  the  following  para- 
meters: [>(£):  573(22.0  i  1.0),  412(23.0  ±  1.6)].  Although  the 
peak  positions  are  quite  similar  to  [Cr(H20)6]-3+,  the  molar 
absorptivities  eliminate  the  possibility  of  this  complex  as  a 
product  (Table  III).  Spectral  comparison  to  other  carboxylato- 
chromium(III )  specie!  confirms  formulation  of  the  ion  as  described. 
The  +3  ion  is  the  only  observable  product  of  the  reaction  of 

[Co(en)2(00CCH2HH2)]2+  and  Cr(Il)  at  acid  concentrations  in  the 

-4 
range  0.1  M  to  1.0  x  10   M. 

Glycir.atotetraaquochromium(III)  Ion— [Cr(H20).  (00CCH2IffiL)]2+ 

Upon  adjustment  of  the  pH  to  4,5  of  a  solution  of  the 
glycinato(carboxylate-bound)-chromium(III)  species  described 
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above,  the  solution  color  changed  rapidly  from  blue  to  green,  but 
the  uaxima  of  the  visible  absorptions  remained  essentially  constant. 
Letting  the  solution  equilibrate  for  several  days  resulted  in  the 
solution  acquiring  a  red-violet  hue.  The  higher  energy  absorption 
remained  very  nearly  at  its  previous  position,  but  the  low  energy 
absorption  shifted  to  560  i  5  nm.  On  passing  the  equilibrated 
solution  through  a  cation  exchange  column  in  the  lithium  form,  it 
was  noticed  that  a  faintly  colored  fraction  was  not  retained  on 
the  column,  probably  due  to  the  high  ionic  strength  (1,0  H)  of 
the  charging  solution.  Collection  of  this  fraction  and  spectral 
analysis  yielded  the  following:  Q\(t):  555(38.0  *  5),  420(41.0 
-  6)].  From  the  high  molar  absorptivities  compared  to  carboxy- 
late-bound  chromium(III )  species  but  relatively  normal  for 
chelate  species  (Table  III),  the  spectral  shift  of  the  low  energy 
band  to  higher  energy  and  the  fact  that  the  ion  was  not  retained 
on  the  cation  exchange  column,  it  is  tentatively  concluded  that 
the  species  is  the  chelated  [Cr(H20K(00CCH2HH2)]r  ion. 

Reactions  of  Chroraunfll)  with  the  Ccbalt(IIl)  Complexes 


2-Mercaptopropionatobj.s(ethylencdiamine)cobalt(III)  Ion — 
[Co(en)2(00CCH(CH2)S)]+ 


The  stoichiometry  of  this  reaction  was  determined  by  ion 
exchange  separation  of  the  reaction  products  followed  by  chromium 
analysis  of  the  appropriate  fraction.  Several  reactions  were 
carried  out  having  reductant  and  oxidant  alternatively  in  excess. 
A  solution  of  chromium (II)  was  injected  into  solutions  of  the 
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complex  with  the  usual  exclusion  of  air.  Within  fifteen  minutes 
the  reaction  mixture  was  exposed  to  the  air  and  charged  onto  a 
suitably  prepared  column.  In  each  case  the  amount  of  chromium(III ) 
product  elutable  as  a  +1  ion  closely  approximated  that  of  the 
deficient  reactant  (Table  V).  This  is  indicative  that  the 
oxidant  and  reductant  react  in  equimolar  amounts.  This  first 
isolable  product  was  characterized  as  the  chelated  chronium(III) 
product,  [Cr(H20M00CCH(CHjS)]  ,  vide  supra.  The  fact  that 
the  ligand  is ~ 100^  incorporated  in  the  product  at  varying  reac- 
tant ratios  is  taken  to  establish  the  reaction  as  inner-sphere 

lis 

in  nature.    As  previously  discussed,  the  chelated  +1  ion  was 

concluded  to  be  a  secondary  product  of  the  initial  oxidation- 
reduction  reaction,  the  result  of  the  ring  closure  of  the  primary 
monodentate  product,  [Cr(H?0)5(G(CH3)CHCOOH)]2+.  The  only  other 
chromium-containing  fraction  was  obtained  from  reactions  with 
reductant  in  excess  and  was  characterized  spectrally  as  the 
air-oxidized  dimer  of  chroraium(III).    Spectra  of  the  product 
solutions  corresponded  within  ftjS  to  those  calculated  based  on  a 
1:1  stoichiometry  and  summing  the  contributions  of  each  species 
remaining. 

The  rate  of  the  Cr(II)-[Co(en)2(OOCCH(CH3)S)]+  reaction 
was  found  to  be  measurable,  on  the  stopped-flow  instrument.  Since 
the  second-order  rate  constant  was  >1.0  (M~  sec"  )  it  was 
necessary  to  follow  the  disappearance  of  the  sulfur-to-metal 
charge  transfer  peak  in  the  near-ultraviolet  region.  Here  advan- 
tage could  be  taken  of  the  high  (^12,000)  molar  absorptivity  which 
allowed  solutions  of  extremely  low  concentration  to  be  used. 
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1ABLE  V 

Stoichiometrics  of  the  Reactions  of 
Cobalt(III)  Complexes  with  Chromium(Il) 

Co(III)L 

mmole 

Cr(II) 
mmole 

[HH]   Cr(III)L+   Cr(III)I,2+ 
M      mmole       mmole 

Cr(III)L3'r 
mmole 

L  ■  2-Kercaptopropionate 

0.241 

0.4-50 

0.100        .214 

__ 

1.00 

1.00 

0.0100     .933 



0.24-5 

0.150 

0.100        .141 
L  =  Lactate 

— 

0.251 

0.500 

0.100        —        .240 

__ 

0.244 

0.250 

0.100      --       .232 



0.24-9 

0.150 

0.100        -'-                    .141 

_„ 

0.050a 

0.050 

4.0  x  10    .004?      .0023 
L  =  Methylthioacetate 

— 

0.102 

0.175 

0.100        —        .089 

^^ 

0.100 

0.094- 

0.100        —        .086 

m  „ 

0.092 

0.065 

0.100        —        .065 
L  =  Glycinate 

— 

0.202 

0.4-00 

0.100 

.190 

0.205 

0.208 

0.100 

.190 

0.14-3 

0.064 

0.100 

.060 

iteaction  incomplete  after  15  hours. 
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In  a  typical  experiment, solutions  of  cobalt(III )  complex  at 
3.?5  x  10   M  and  chromium (II)  at  5.'1  «  10   M  each  at  H+  = 
1.0  x  10   M  and  with  ionic  strength  maintained  at  0.10  M  with 
LiClC^  were  deaerated  while  tliennostatted,  then  transferred  to  the 
drive  syringes  of  the  stopped-flow  instrument  as  previously 
described.  Use  of  these  concentrations  allows  the  data  obtained 
to  be  treated  as  a  pseudo-first-order  reaction.  Thus,  a  plot  of 
log  (A  -  A,,,  )  vs  time  permitted  calculation  of  an  observed 
rate  constant  which  then  could  be  converted  to  the  second-order 
rate  constant.  For  the  concentrations  specified,  the  reaction 
was  complete  in  20  msec.  To  ascertain  the  dependence,  or  lack 
thereof,  on  acid  concentration  and  order  of  the  reaction  with 
respect  to  chromium(II )  ion,  each  was  varied  independently  over 
a  ten-fold  range  while  other  variables  remained  constant.  It  was 
found  that  the  reaction  is  independent  of  the  acid  concentration 
in  the  range  [h  ]  =  0.10  H  to  [H  ]  =  0.010  M  and  first-order 
in  chromium(II)  ion  in  the  range  [Cr(II)]  =  2.15  x  10--3  M  to  [Cr- 
(II)]  ■  2.15  x  10   M  (Table  VI).  By  virtue  of  the  linearity  of  the 
log  (A  -  A,,,  )  vc  t  plots  over  at  least  three  half -lives  (>9C$ 
reaction)  it  was  concluded  that  the  reaction  is  also  first  order 
in  oxidant.  The  second-order  rate  constant  for  the  reaction  of 
[Co(en)2(00CCH(CHjS)]  with  chromium(Il)  was  found  to  be  (1.55  ± 
0.25)  x  105  M"1  sec-1. 
Lactatobis(ethylenediamine)cobalt(III)  Ion— TCo(en)r(00CCH(CH„)- 


0(H))  I 


(*(2+) 


The  stoichiometry  of  this  reaction  was  found  to  be  approxi- 
mately equimolar  in  each  reactant  at  [H  ]  =  0.010  M  (Table  V)  by 
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TABLE  VI 

Acid  and  Chromium ( II )  Dependencies  of  the  Reactions  of  Some 
Cobalt(III)  Complexes  with  Chromium(II) 


[Co(T.II)L]n 

[Cr(Il)]        [H+] 

kobs 

M  x  105 

M  X  103          M 

«-l    -1 
M   sec 

L  =  2-Mercaptopropior.ate 

0.40 

1.05        0.100 

1.60  x  105 

o.4o 

1.05        0.010 

1.55  x  105 

0.40 

2.15        0.010 

1.61  x  105 

0.40 

0.54      o.oio 

1.32  x  105 

0.40 

0.21         0.010 
L  =  Methylthioacetate 

1.46  x  105 

13.6 

47.0         0.100 

267 

13.6 

47.0         0.050 

271 

13.6 

47.0         0.010 

281 

13.6 

98.0         0.100 

264 

13.6 

9.4         0.100 
L  =  Glycinate 

286 

48.0 

8.40        0.100 

2.22 

48.0 

8.40        0.010 

2.26 

48.0 

98.0         0.100 

2.05 

V  =  0-100  E  (LiClO^—HClO^) .  V  =  1-00  il  (LiClO^—HClO^). 
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methods  analogous  to  those  used  in  the  preceding  section.  The 
reaction  vas  found  to  proceed  by  two  different  pathways,  vide 
infra,  but  usually  only  one  chromium-containing  product  vas  isol- 
able  from  a  given  reaction.  It  has  been  found  that  the  initial 
chromium-containing  product  of  the  reaction  exists  in  two  rapidly 
interconvertible  forms,  vide  infra. 

By  methods  similar  to  those  described  for  the  mercaptide 
analogue  it  was  determined  that  the  oxidation-reduction  reaction 
was  first  order  in  each  reactant  by  pseudo-first-order  techniques 
(Table  VII).  It  was  possible  to  follow  the  disappearance  of  the 
protonated  form  of  the  cobalt(III )  complex  by  spectrophotometry 
moniiorinn  of  its  absorption  maximum  at  4-99  nm  on  the  stopped- 
flow  instrument.  Again  linearity  oyer  >90'j>   of  the  reaction  was 
observed  for  the  kinetic  plots.  The  second-order  rate  constant 
for  this  complex  was  found,  however,  to  vary  inversely  with 
acidity  over  the  range  1.0  M  *  [H+]  *  6.7  x  10-3  M  (Table  VII). 
A  plot  of  kobs  vs  [H  J"1  was  linear  (Figure  1)  and  yielded  the 
expression  for  the  rate  constant  as 

7.35  +  0.023  [H+]-1 

k  =  J — i (K  and  sec) 

1  +  K  [H  TX 
eqL  J 

This  observation  can  be  understood  from  a  rigorous  solution 

of  the  differential  rate  equation  for  this  reaction10 

-d[Co(lII)]total 

dt =  kobs[Co(III)]total      (13) 

where  Kft  is  the  acid  dissociation  constant  of  [Co(en)2(00CCH(CHj- 
OH)]   and  ^  and  kg  are  defined  by 
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TABLE  VII 

Acid  and  Chrondum(II )  Dependence  of  the 

Reduction  of 

[Co(en)2( 

;oOCCH(CH3)0H)r+  by  Chromium (II) 

[Co(III)] 

j>(II)] 

[H+] 

obs 

x  10  M 

x  103  M 

B 

M-1  sec-1 

2.00 

68.0 

.0100 

9.15 

2.00 

5.50 

.0100 

9.62 

2.00 

5.50 

1.000 

7.21 

2.00 

5.50 

.1020 

7.50 

2.00 

5.50 

.050? 

8.10 

2.00 

5.50 

.016? 

8.70 

2.00 

5.00 

.0067 

10.77 

.10 

1.00 

8.00  x  10"5 

V?* 

* 
Approximate  value 

;  variations 

between  separate  reactions  >20^. 

• 

.  -  '  ■» 

* 

1 1 

1  1 

/6 

10 

_ 

fj 

9 

— 

e 

S 
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' 
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Figure  1 

.    Acid  dependence  of 
by  chromium(ll). 
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[Co(en)2(OOCCH(CHjOH)]2+  +  CrZ+  -i>  products 

[Co(en)2(OOCra(CH3)0)]+  +  Cr2+  -?+  products 

-2 

From  graphical  analysis  k„K  is  found  to  be  2.3  x  10   and  K 

determined  to  be  k.h  x  10  ,  vide  supra,  leading  to  the  calcula- 
tion of  k?  =  52.  Several  experiments  were  performed  at  [H  ]  = 
8,0  x  10"''  K  where  the  ratio  of  deprotonated  to  protonated  forms 
is  "«5  with  the  observed  rate  being  ~4?.  The  large  uncertainty  in 
rates  (>205)  encountered  at  this  acidity  level,  probably  due  to 
consumption  of  protons  by  the  free  ethylenedianines  released  in 
the  reaction,  renders  the  values  approximate.  Their  usefulness 
is  limited  to  the  observation  that  as  the  concentration  of  the 
deprotonated  form  is  increased  the  observed  rate  constant  approach- 
es the  predicted  value. 

From  the  observed  rate  lav;  it  is  obvious  that  at  0.100  K 
acid  the  immediate  product  should  arise  almost  exclusively  via 
the  k,  path.  As  the  acid  concentration  decreases,  however,  the 
product  of  the  second  path  should  appear  and  become  dominant  at 
extremely  low  acid  concentration.  At  0.100  M  acid  [Cr(H~0),(00- 
CCH(CH  )0H)]   is  the  only  isolable  product.  By  using  a  large 
volume  and  extremely  low  concentrations  of  reactants  over  a  long 

period  of  time,  it  is  possible  to  observe  both  the  +1  and  +2 

-4 
products  in  a  molar  ratio  of  2:1  at  a  pH  =  1.0  x  10   M. 

The  fact  that  both  products  are  isolable  from  the  reaction 

is  not  sufficient  to  confirm  their  genesis  by  two  separate 

mechanistic  pathways  since  both  products  are  subject  to  subsequent 
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reactions  over  the  time  period  needed  for  the  reaction  and  isola- 
tion period.  In  fact,  their  rapid  interconversion  as  a  function 
of  acidity,  vide  infra,  over  a  time  period  much  shorter  than  that 
required  for  isolation  suggests  a  thermodynamic  rather  than  a 
kinetic  distribution  of  products.  Further  consideration  of  the 
mechanism  is  postponed  until  after  the  rates  of  substitution  are 
presented. 

2-Metnylthioacetatobis(ethylenediamine)cobalt(IIl)  Ion — [Co(en)?- 
(00CCH2SCH  )]Z+ 

Using  the  ion  exchange  techniques  previously  detailed,  the 
stoicliiometry  of  the  reaction  between  chromium(II)  and  this  ion  was 
found  to  be  equimolar  (Table  V).  The  only  isolable  reaction  product 
was  characterized  as  a  +2  ion  (Table  I)  and  assigned  the  structure 
[Cr(H2O)r(0OCCH23CH,)l   based  on  its  spectrum  (Table  III).  As 
will  be  discussed  in  the  appropriate  section,  this  species  was  con- 
cluded to  be  a  tertiary  product  of  the  initial  oxidation-reduction 
reaction,  the  result  of  ring  closure  and  subsequent  dechelation  of 
the  primary  monodentate  product,  [Gr{H,0)-(CHJCH2COOH)J  . 

The  rate  of  the  electron  transfer  reaction  between  this  co- 
balt(III)  complex  and  chromium(II)  was  found  to  be  conveniently 
measurable  on  the  stopped-flow  instrument.  The  decrease  in 
absorbance  at  4-99  nm  was  followed  spectrophotometrically  under 
pseudo-first-order  conditions  allowing  data  to  be  conveniently 
evaluated,  vide  supra.  A  typical  reaction  was  under  conditions 
similar  to  or  the  same  as  the  following:  [Co(III)]  =  1.3  x  10 
M,  [Cr(II)]  =  4.70  x  10"  M,  [H+]  ■  0.100  M  and  ionic  strength 
maintained  at  1.00  M  (UCIO^— LiClO^). 
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As  for  the  previously  described  cobalt(III)  complexes,  acid 
concentration  and  chromium(II)  concentration  were  varied  inde- 
pendently over  at  least  a  ten-fold  range  to  evaluate  the  dependence 
of  the  reaction  on  these  two  variables.  Linearity  of  log  (A.-  A^) 
vs  t  plots  over  at  least  90$  reaction  for  the  ranges  [h  ]  =  0.100  M 
to  0.0100  M  and  [Cr(II)]  =  9.8  x  10   M  to  9.4  x  10~3  M  with  no 
significant  deviation  in  observed  rate  constant  leads  to  the 
conclusion  that  the  electron  transfer  reaction  is  first  order  in 
both  oxidant  and  reductant  and  independent  of  the  acidity  within 
the  ranges  specified.  The  calculated  second-order  rate  constant 
was  found  to  be  (267  *  18)  M-1  sec"1  (Table  VIII ). 

Glycinatobis(ethylenediamine)cobalt(III )  Ion — [Co(en)2(00CCH2 

,i2+ 

HH2)J 

The  stoichiometry  of  this  reaction  was  determined  by  ion 
exchange  separation  of  the  reaction  products  as  described  previous- 
ly. The  elution  characteristics  of  the  product  are  those  of  a  +3 
ion  (Table  I).  Due  to  the  longer  reaction  time  relative  to  the 
three  previously  discussed  complexes,  the  possiblity  of  loss  of  the 
primary  product  must  be  considered.  Still,  recoverable  amounts  of 
the  only  isolable  product,  characterized  as  [Cr(H?0)„(00CCH?- 
I!H„)]  ,  vide  supra .  approach  closely  those  expected  for  equimolar 
stoichiometry  over  the  range  of  reactant  concentrations  considered 
(Table  V). 

The  rate  of  the  [Co(en)2(00CCH2HH2)]2+-Cr(II)  reaction  was 
found  to  be  conveniently  measurable  using  the  all-glass  apparatus 

with  the  Gary  14  instrument  as  described  in  the  Experimental  sec- 

-k 
tion.  A  typical  reaction  was  with  solutions  4.8  x  10   M  in  the 
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cobalt  complex  and  8.4  x  10~3  M  in  Cr(II)  at  [ll+]  =  1.00  x  10" 
H  (ionic  strength  maintained  at  1.00  M  with  LiClO^).  These  were 
transferred  anaerobically  to  the  glass  mixing  apparatus  which  was 
thermostatted  prior  to  reaction.  Again  pseudo-first-oi'der  condi- 
tions were  maintained  and  the  data  treated  appropriately. 

In  order  to  determine  the  acid  dependence  the  [H  J  was  varied 
from  0.100  M  to  0.0100  K  with  [Cr(II)],  [Complex]  and  ionic  strength 
constant.  The  order  of  the  reaction  with  respect  to  [Cr(II)]  was 
confirmed  by  use  of  the  stopped-flow  instrument  with  acid,  complex 
and  ionic  strength  constant  and  [Cr(II)l  =  9.00  x  10   H.  Results 
are  summarized  in  Table  VI.  In  the  specified  ranges  the  reaction 
was  found  to  be  first  order  in  oxidant  and  reductant  and  independent 
of  the  acidity.  The  second-order  rate  constant  was  determined  to 
bo  (2.22  t   0.12)  M-1  sec"1  (Table  VIII). 


Activation  Parameters  for  the  Reaction  Between  the 
Cobalt(III)  Complexes  and  Chromium(II) 


Activation  parameters  for  the  reaction  of  the  cobalt(IIl) 
complexes  and  chromium (TI)  were  obtained  by  determination  of  the 
second-order  rate  constants  for  the  individual  reactions  at  temper- 
atures varying  from  13°C  to  45°C,  depending  on  the  system.  A  plot 
of  log  (k?  ,   ,  /T)  vs  l/T  was  made  as  previously  described.  At 
least  throe  determinations  at  each  of  three  different  temperatures 
were  made.  Temperature  was  maintained  at  -   0.10°C  by  methods  pre- 
viously described.  For  the  reactions  at  other  than  25.0°C,  solu- 
tions were  thermostatted  for  at  least  one  hour  prior  to  transfer- 
ence to  the  reaction  vessels  and  further  thermostatted  there  for 
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at  least  one-half  hour  prior  to  reaction.  Rate  constants  so 
obtained  for  the  four  cobalt(IIl)  complexes  are  summarized  in 
Table  VIII. 

Average  values  at  each  temperature  were  used  to  determine 
the  respective  activation  parameters  via  a  least  squares  analy- 
sis. Plots  so  obtained  are  shown  in  Figures  2,  3  and  k.     Error 
limits  for  the  activation  parameters  wore  determined  from  the 
most  deviant  lines  still  encompassed  by  all  rate  error  limits. 
Results  are  summarized  in  Table  IX. 

Attempts  to  determine  activation  parameters  for  reaction 
involving  the  deprotonated  form  of  the  Co (III)  lactate  complex 
were  abandoned  due  to  a>20$  fluctuation  in  reproduciblity  at 
[H  ]  =  8.0  x  10   M  where  the  deprotonated  form  is  dominant. 
This  resulted  in  overlapping  values  of  k  .   at  the  various 
temperatures.  At  intermediate  pH  levels  distinct  curvature  in 
the  Eyring  plots  was  observed.  This  curvature  could  arise  from 
different  activation  enthalpies  for  the  two  contributing  paths 
as  well  as  from  an  expected  variation  in  K  with  temperatures. 
Thus,  values  at  the  lower  pH  values  would  not  realistically 
measure  the  activation  energy  for  the  deprotonated  form  without 
a  determination  of  K  and  the  acid  dependence  at  each  temperature 
which  was  not  done. 

Substitution  Reactions  of  the  Chromiumflll )  Products 


2-Kcrcaptopropionate  as  Licand 

Using  a  slight  excess  of  [Co(en)2(00CCH(CHjS)"]+  relative  to 
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Figure  2.     Eyring  plot  for  [Co(en)2(00CCH(CH,)S)]   . 
M  =  0.100  M   (HClO^—LiClO^). 
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chromium(Il)  at  high  acid  concentration,  the  stopped-flow 
instrument  can  be  used  to  measure  the  rate  of  the  first  reaction 
subsequent  to  the  initial  redox  reaction.  This  secondary  reaction 
was  followed  by  monitoring  the  increase  in  absorbance  at  545  ran, 
a  maximum  for  the  chelated  2-mercaptopropionate  chroraium(III )  com- 
plex. This  subsequent  reaction  has  been  postulated  as  the  ring 
closure  reaction  of  [Cr(H20)5(S(CH  )CHC00H)]2+  (mercaptide-bound), 
the  initial  product  of  the  redox  reaction,  vide  supra. 

The  first  experimentally  isolable  product  of  the  redox 
reaction  under  all  conditions  has  been  characterized  as  the  chelated 
chromiumdll )  product  of  this  ring  closure,  [Cr(H,0),  (COCCH(CH  )- 
S)j  ,  vide  supra.  This  product  underwent  a  subsequent  reaction  over 
a  twenty-four-hour  period  which  was  then  separated  via  ion  exchange 
to  yield  mostly  +1  and  +2  ions  with  some  small  amount  of  a  +3  ion 
also  present,  especially  a  low  acid  concentration  (  < 0.20  M).  The 
+1  ion  exhibited  identical  spectral  parameters  to  the  original 
chelated  complex,  [Cr(H20)4(00CCH(CH3)S)]+,  while  the  +2  fraction 
was  spectrally  identical  to  the  monodentate-  complex,  [Cr(H?0),(00- 
CCH(CH3)SH)J  .  The  +3  ion  was  spectrally  identified  as  [Cr(H,0)- 
6  I  .  By  spectrophotometric  monitoring  of  the  264  nm  absorption  it 
can  be  shown  that  the  +2  fraction  converts  back  to  the  chelate  form. 
This  peak  has  been  assigned  to  a  metal-coordinated  mercaptide  chro- 
mophore  on  the  basis  of  its  presence  in  the  chelate  complex,  ab- 
sence in  the  monodentate  carboxylate-bound  complex  and  similarity 
in  energy  and  molar  absorptivity  to  other  chromiumdll ) -mercaptide 
species  (Table  III).  These  observations  can  bo  understood  by  con- 
sideration of  the  following  net  ionic  reactions  and  observed  rate 
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laws  at  constant  acidity. 


[t!o(en)2(OOCCH(CH,3)S)]+  +  Cr2+  +  5H+  -* 

[Cr(H20)5(SCH(CH3)COOH)]2+  +  Co2+  +  2enH22+        (A) 
I 


I  ^*   [Cr(H20)^(OOCH(CH3)S)Jf  (B) 

II 


II  +  H+  «&  [Cr(H?0),(00CCH(CH.,)SH)]2+,  K  „       (C) 
Kr       *-      J  J  eq 

III 

d[ll] 

TT  =  -Kf[ll]  +  *&*&   kobs  "  kf  +  kr 

Tho  rate  of  the  initial  process  (B)  to  form  II  varied 

linearly  with  acidity:  A  plot  of  k  vs  [h  ]  (Figure  5)  where  [h  ] 

is  varied  from  0.900  M  to  0.0900  M  results  in  the  expression  k  = 

(1.0  +  2.6  [H+])  x  10"2  (M  and  sec,  f*   =  1.00  M  (HCIO^— LiClO^) , 

25°C). 

A  determination  of  the  K   for  reaction  (C)  was  necessary  in 
eq 

order  to  evaluate  k„  and  k  ,  vide  supra.  K   was  determined  by 
i     r  — ^—        eq  * 

allowing  a  solution  of  II  to  equilibrate  at  known  acidities.  The 
equilibration  was  followed  spectrophotometrically  at  j&5  ran,  a 
maximum  for  II ,  over  a  twenty- to  thirty-hour  period  with  readings 
taken  every  two  thousand  seccnds  for  the  first  twenty  hours.  Since 
the  hydrolysis  of  III  to  [Cr(K20)6]3+  marginally  overlaps  the 
equilibration,  a  plot  of  Aobs  vs  time  was  then  used  to  evaluate  the 
absorbance  at  equilibrium.  A   was  closely  approximated  by  extra- 
polation of  the  very  gradually  decreasing  terminal  portion  of  this 
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plot  to  t  -  0  see.  This  allowed  a  close  approximation  of  K   from 

eq 

the  known  nolar  absorptivities  of  II  and  III  and  the  acidity.  The 

average  value  for  three  determinations  gave  K   =10.5  (Table  X). 

eq 

The  slow  hydrolysis  of  III  to  [Cr(H20)6]3+  (k  =  10-7  sec"1)  gives 

rise  to  a  small  inherent  error  in  the  K   evaluations. 

eq 

The  evaluation  of  kf  and  k  was  accomplished  starting  with 
solutions  of  II  for  the  sake  of  convenience.  The  observed  conver- 
sion of  III  to  II  could  have  been  used  alternatively.  The  acidity 
range  examined  was  dictated  by  side  reactions  at  higher  pH  to  be 
examined  further  and  discussed  elsewhere. 

The  evaluation  of  k  .   at  a  given  acidity  was  accomplished  by 
plotting  log  (At-  A  )  vs  t.  The  plots  were  found  to  be  linear 
over  at  least  two  half -lives.  For  reactions  with  [h  ]  <  0.30  M, 
Aeq  was  calculai-ed  from  the  value  of  Kea,  the  acidity,  initial  con- 
centration of  II  and  the  respective  molar  absorptivities  of  II  and 

III.  Values  of  k  and  k  were  then  calculated  from  k  .  ,  K   and 

1     r  obs'  eq 

r  +i 
LH  J  by  methods  previously  described. 

Within  the  range  [H  ]=  0.65  M  to  0.100  M,  kf  was  found  to 

vary  linearly  with  acid  concentration  while  k  was  independent  of 

acid  concentration  (Table  XI).  Plots  of  kf  vs.  [H+]  (Figure  6)  and 

\   W  [K  ]"  (Figure  7)  gave  the  following  rate  expressions: 

kf  ■  (7.31  [H+])  x  10"5  (M  and  sec) 

k,  *  7.10  x  10"   (fo  and  sec) 

Error  limits  for  the  respective  plots  of  k,.  and  k  were  obtained 

1     r 

from  the  error  limits  in  K   and  evaluation  of  k,  and  k  based  on 
the  maximum  deviation  values. 
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TABLE  X 

Evaluation  of  Equilibrium  Constant  for  the 
Chromium (III )-2-Mercaptopropionate  Interconversion 


[H+] 

[CrL+] 

[CrL2+] 
u     Jeq 

V 

M. 

Ii  x  103 

M  x  103 

1.00 

0.11 

1.29 

11.7 

0.500 

0.23 

1.17 

10.2 

0.300 

0.35 

1.05 

Avg  = 

9.7 

=  10.5  *  1.2 

V  =  1.00  M  (HClCy- IdCXQj.),  25°C,  100  ml  solution. 
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TABLE  XI 

Acid  Dependence  for  Interconversion  of  the 
Chromium (III ) -2-Mercaptopropionate 


[H+] 
M 

kobs 
x  10     sec" 

5         -1 
x  10^  sec 

kr 

-m6            "I 

x  10    sec 

1.00 

9.3^ 

8.51  *  .05 

8.11  ±  .67 

0.650 

5.85 

5.12  *  .05 

7A5  -  .60 

0.500 

^.26 
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Figure  6.  Acid  dependence  of  ring  opening  of 
[Cr(H20)4(00CCH(CH3)S)]+. 
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When  excess  chromium(II )  was  used  in  the  initial  reaction  of 
chromium(II )  with  [Co(en)2(00CCH(CH  )S)]  ,  no  subsequent  spectral 
change  indicative  of  the  conversion  of  I  to  II  was  observable  on 
the  stoppod-flow  instrument.  Duplication  of  the  conditions  for 
product  studies  yielded  the  chelated  2-mercaptopropionato-ehroniun- 
(III)  complex  in  virtually  stoichiometric  amounts.  These  observa- 
tions indicate  that  there  is,  in  the  presence  of  excess  chromium(II), 
another  reaction  of  the  mercaptide-bound  pendant  intermediate. 
This  is  most  likely  a  second  oxidation-reduction  reaction  in  widen 
chromium(II)  reacts  with  the  monodentate  chromium(III)  product 
initially  formed  to  produce  chelated  chromium(III )  product  and  re- 
generate chromium(II ) .  In  view  of  the  latter  product,  this  can  be 
considered  as  a  chromiura(Il)-catalyzed  chelate  ring  closure.  Simi- 
lar observation  have  been  made  for  the  analogous  2-mercaptoacetato 
chroraium(lll)  and  maleato  chromium(III )  systems,  respectively.10'-'0 
Lactate  as  Ligand 

The  lactate  ligand  system  was  included  in  this  study  primarily 
for  comparative  purposes  in  the  redox  reations  with  attention  fo- 
cused primarily  on  the  sulfur  analogue.  As  such,  detail  of  investi- 
gation into  the  chromium(III) -lactate  system  is  less  than  that 
previously  described  for  the  2-mercaptopropionate  system,  but  the 
experimental  results  obtained  suggest  that  future  exploration  of 
the  oxygen  system  merits  consideration.  The  following  observations 
delineate  the  limits  of  our  investigation. 

As  previously  discussed,  the  monodentate  alkoxide-bound 
chromium(Iil)  species,  [Cr(H20)5(OCH(CH3)COOH)]2+,  has  not  been 
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experimentally  observable  as  a  product  of  the  Cr(II)-[Co(en)2(00- 
CCH(CH,)0)]  reaction  at  high  pH  and  of  the  path  inverse  in  acid  at 
low  pH.  The  observable  products,  identified  by  chromium  analysis, 
ion  exchange  chromotography  and  spectral  studies  as  [Cr(H20)5(OOCC- 
H(CH,)0H)]2+  and  [Cr(H20)^(00CCH(CH.,)0)!  ,  arise  in  varying  ratios 
which  are  dependent  on  the  acidity  conditions.  Further,  the  iso- 
lated species  are  interconvertible  as  a  function  of  the  acidity. 

Only  the  blue,  +2  ion  is  produced  under  conditions  compar- 
able to  the  following:  [H+]  =  0.100  M,  [Co(III)]  =  0.10  -  0.010  M 
with  chromium (II)  ion  in  excess,  stoichiometric  or  deficient  amounts. 
The  ion-exchanged  +2  ion,  maintained  throughout  at  pH  =  1,  yielded 
the  following  spectral  parameters:  [\(«)j  568(26.8),  413(33.2)]. 
Dropwise  addition  of  1.0  K  NaOH  to  this  solution  to  2.8  =  pH  ■  3.6 
(via  pH  meter)  produced  a  pink-orange  species  whose  visible  spec- 
trum had  the  following  characteristics:  |_MO:  548(31  ±  1.5, 
438(38  ±  1.6)].  Reacidification  of  the  solution  to  pH  =  1  regen- 
erated the  blue  species  originally  obtained,  viz.,  [a(6):  568(25 
i  l),  413(34  -  1)].  If,  instead  of  using  an  eluent  of  pH  =  1,  a 
neutral  eluent  is  used,  the  blue  ion  elutes  as  a  +2  ion  but  turns 
pink  immediately  on  coming  off  the  column.  The  pH  of  this  solution 
was  found  to  be  2.8  and  the  visible  spectrum  was  identical  to  that 
previously  characterized  as  the  [Cr(H20);+(00CCK(CH  )0)]  ion. 
Acidification  of  this  solution  to  pH  =  1  regenerates  the  previously 
described  [Cr(H20),.(0OCCH(CH  )0H)]2+  species  as  identified  by  its 
visible  spectrum. 

In  order  to  test  the  possibility  that  the  conversions  were 
simply  due  to  proton  transfer,  which  should  be  extremely  rapid, 
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stopped-flow  kinetic  runs  were  carried  out.  A  solution  of  the 
+1  ion,  generated  by  conversion  of  the  +2  ion  through  appropriate 
adjustment  of  the  pH  to  3.0,  was  reacted  separately  with  equal 
volumes  of  0.100  M  and  0.200  M  HCIO^  ( p  =  0.25  M  (HC10,  ~ LiClOj ) . 
Concentrations  after  mixing  were  [Cr(III)]  =  1.0  x  10"-3  K,  [H+]  = 
0.050  M  and  0.100  M,  respectively.  Spectrophototnetric  monitoring 
was  at  kJ8  nm,  a  maximum  for  the  chelate  species.  A  plot  of 
l°g(A.-  Aa,)  vs  t  gave  a  first-order  rate  constant  of  k  .   =  3.2  x 

•  ODS 

-2    -1 
10   sec   for  both  acidities,  showing  the  overall  rate  process  to 

be  measurable.  Thus,  simple  proton  transfer  appears  excluded. 

The  lower  limit  of  acidity  used  for  the  redox  reaction  (4.0 
x  10   M)  was  dictated  by  the  release  of  two  moles  of  ethyler.edia- 
mine  per  mole  of  oxidant.  Upon  reaction  the  pH  increases  due  to 
the  consumption  of  protons  by  the  amine  functions  thereby  intro- 
ducing the  hazard  of  metal  hydroxide  precipitation.  Using  this 
initial  acidity  with  stoichiometric  amounts  of  chrottdum(II )  ion 
and  cobalt(IIl)  complex  results,  upon  cation  exchange  separation 
of  the  products  using  neutral  eluent,  in  isolation  of  a  +1  and  a 
+2  ion  in  the  molar  ratio  2:1.  The  ions  were  characterized  spec- 
trally as  the  [Cr(H20),+(OOCCH(CH3)0)]+  and  [Cr(H20)  (00CCH(CH J- 
0H)]   species.  Again  variation  in  acidity  produced  interconver- 
sion  of  the  ions  as  previously  observed, 
ffethylthioacetate  as  Lirand 

The  relationship  between  this  ligand  and  the  mercaptoacetate 
ligand,  of  which  it  is  a  derivative,  and  the  similarity  of  their 
cobalt(IH)  complexes  invites  a  comparison  of  the  behavior  of  the 
chromiumdll )  products.  Relative  to  the  previous  results  with 
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msrcaptoacetate,  any  differences  would  be  directly  ascribable  to 
the  transformation  of  the  mercaptide  function  to  a  thioether  func- 
tion. 

The  only  isolable  product  of  the  initial  oxidation-reduction 
reaction  in  the  acidity  range  0.100  M  *  [H  ]  i  0.010  M  and  with 
chromium(II)  in  excess,  stoichiometric  or  deficient  amounts  was  the 
carboxylate-bound  chromium ( III )  product  [Cr(K20),(00CCHoSCH_)]  , 
the  characterization  of  which  has  previously  been  described.  The 
ion  underwent  no  reaction  of  interest  other  than  hydrolysis  to  the 
[Cr(IUC)^]   species;  therefore  no  further  work  with  this  ion  was 
undertaken. 

By  employing  techniques  analogous  to  those  used  for  the  thio- 
lactate  complex,  the  author  hoped  to  be  able  to  discern  formation 
of  a  thioether-bound  intermediate,  thus  confirming  the  bridging 
ligand  as  the  thioether  rather  than  carbonyl  oxygen.  Reactions 
were  performed  using  the  all-glass  mixing  apparatus  and  the  Cary  ik 
instrument.  The  reactions  were  monitored  at  530  nm,  an  absorbance 
maximum  for  the  chromium(III )  chelate  complex  (by  analogy  with  sim- 
ilar complexes,  Table  III),  and  at  270  nm,  the  spectral  region  of 
greatest  difference  in  molar  absorptivities  for  the  sulfur-bound 
species  relative  to  the  carboxylate-bound  monodentate  chronium(III ) 
product.  The  respective  experimental  conditions  were  as  follows: 
530  nm;  [Co(III)]  =  5.10  x  10"*  M,  [Cr(II)l  =  h.7   x  10"*  M,  [H+]  ■ 
0.100  M  and  ja.  =  1.00  M  (HClO^LiClO^ ) ,  270  nm;  [Co(III)]  =  2.58  x 
10   14,  [Cr(J.I)]  =  2.35  x  10"*  M,  [H+]  =  0.100  M  and  ^  =  1.00  M 
(HCllv — LiClO;, ).  In  both  cases  a  rapid  decrease  in  absorbance 
corresponding  to  90  %  reaction  for  the  oxidation-reduction 
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was  followed  by  a  slow,  small  decrease  in  absorbance.  The  plot  of 
log  (A,-  A;,,)  vs  t  was  characteristic  of  two  consecutive  first-order 
reactions  subsequent  to  the  initial  oxidation-reduction.  A  plot  of 

(J  -  1)A0  -  (})kw  +  A 
log  5 : vs  time 

for  the  initial  rapid  decrease  in  absorbance  was  characteristic  of 
a  second-order  reaction  corresponding  to  reaction  of  [Co(en)2(00CC- 
H2SCH,)]2+  with  Cr(Il). 

The  subsequent  consecutive  first-order  reactions  can  be  under- 
stood in  terms  of  a  two-step  mechanism  consisting  of:  (1)  closure 
of  a  first-formed  sulfur-bound  monodentate  chromium(III )  product 
to  yield  the  chelate  [Cr(H20)^(00CCH2SCHj]2+  followed  by;  (2) 
opening  of  the  chelate  ring  to  yield  the  carboxylate-bound  monoden- 
tate  [Cr(H20),(00CCH2SCH_)]   species.  The  subsequent  first-order 
reactions  observed  can  be  rationalized  only  with  great  difficulty 
if  redox  bridging  is  postulated  to  proceed  via  carbonyl  oxygen. 
Glycinate  as  Ligand 

The  inclusion  of  this  ligand  system  in  the  present  study  was, 
as  in  the  lactate  case,  primarily  for  purposes  of  comparison  in 
interpreting  reactivity  patterns.  As  such,  detailed  investigative 
work  into  the  products  of  the  reaction  of  chromium(Il)  with  [Co(en)- 
2(00CCH2NH2)1   was  not  carried  to  the  extent  of  the  2-mercapto- 
propionate  system.  As  will  be  discussed  below,  limitations  imposed 
by  the  system  itself  hinder  complete  work,  but  certain  salient 
features  of  the  chromium(III)  glycinate  product  were  accessible. 

In  the  range  of  acidity  used  (0.100  M  ^  [h+]  ^  0.0100  M)  the 
reaction  of  [CoCerO^OOCCHgNHp)]   with  chromium(II)  used  in  excess, 


78 


stoichiometric,  or  deficient  amounts,  the  only  isolable  product 
was  characterized  as  the  ion  [Cr(H20)  (OOCCrf  NH,)]-}+  with  spectral 
parameters  as  follows:  [\(e):  573(22  ±  1.1),  ^11(23.0  -  1.6)]. 
The  ion  was  eluted  from  a  cation  exchange  column  in  the  lithium 
form  with  1.0  K  LiClO^.  The  pH  of  the  eluted  solution  was  found 
to  be  3.5  -   0.1.  Upon  addition  of  1.0  M  NaOH  solution  to  the 
product  solution  until  pH  =  k.5  ±  0.1,  the  solution  color  changed 
immediately  from  blue  to  green,  but  yielded  virtually  the  same 
visible  spectrum  as  the  original  solution.  After  several  days 
the  color  had  changed  to  a  red-violet  and  separation  was  effected 
using  ion  exchange  techniques.  A  fraction  presumed  to  contain  a 
+2  ion  was  collected  which  exhibited  the  following  visible  spectrum: 
[A(£):  55(38.0  ±  5),  teOCH  t  6)3  (pH  =  4.5).  The  large  error 
limits  for  the  molar  extinction  coefficients  are  a  result  of  the 
dilute  solutions  (10   H)  necessarily  employed.  From  the  rather 
high  values  for  the  coefficients  in  comparison  with  monodentate 
carboxylate-bound  chromium(lII )  species  (Table  II),  the  ion  is  pre- 
sumed to  be  [Cr(H20)4(00CCH2NH2)]Z+.  The  important  features  are 
that  a  1:1  glycine-chromium(III )  product  can  be  isolated  from  the 
appropriate  pH,  undergo  a  subsequent  reaction  to  yield,  in  part 
a  chromium(IIl)-glycine  chelate  complex. 


DISCUSSION 

The  primary  objective  of  this  research  was  to  better 
define  the  influence  which  coordinated  sulfur  functions  have  on 
the  reactivity  of  metal  complexes  in  oxidation-reduction  reactions. 
Conclusions  relating  to  this  objective  will  be  discussed  first. 

Reduction  of  the  Co(III)  Complexes  by  Chromiumdl ) 

All  redox  reactions  between  the  cobalt(Ill)  complexes  and 
chroi;iiutr.(II)  were  demonstrated  to  proceed  by  inner-sphere  pathways 
through  product  analysis. 

In  attempting  to  understand  the  rate  and  activation  energy 
data  to  be  presented,  it  is  convenient  to  describe  the  net  process 
for  an  inner-sphere  electron  transfer  reaction  as  series  of 
steps  '   represented  by  the  following  equations  (for  clarity,  only 
the  bridging  ligand  is  represented): 

h 

Co(Il)X  +  Cr(II)  £—  Co(IIl)-X-Cr(Il)    K..    (1^) 
-1  L 

H 

Co(III)-X-Crdl)  £ —  [Co(III)-X-CrdD>   K2    (15) 

[Co(III)-X-Crdl)  I*  r —  Lc°(II)-x-Cr(IH)  I*      (16) 
-3 
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[Co(II)-X-Cr(TII)>  j —  Co(Il)-X-Cr(IIl)       (17) 

Hi 
Co(II)-X-Cr(IIl)  Jf—  Co(II)  +  X-Cr(IIl).        (18) 

-5 
Equation  (1)  represents  the  substitution  equilibrium  between  the 
reactants  and  bridged  precursor  complex  which  can  rearrange  to  the 
activated  complex  (2).  Electron  transfer  is  represented  by  equa- 
tion (3)  while  equations  (k)   and  (5)  represent  subsequent  deacti- 
vation of  the  successor  complex  and  decay  to  products,  respective- 
ly. 

The  rate  of  formation  of  the  precursor  complex  can  in  certain 

cases  be  rate  determining.  If  the  collision  rate  for  the  positively 

9  -1    -1 
charged  complexes  is  taken  to  be  10  M   sec  ,  the  lifetimes  of 

tiie  resulting  outer-sphere  encounter  complexes  estimated  as  10 

-12 
10    sec,  and  the  rate  of  exchange  of  a  water  which  is  coordinated 

to  chromium(Il)  and  proximate  to  the  bridging  ligand  is  10  -  10 
sec"  ,   '  an  estimate  of  10  M~  sec"  is  obtained  for  k. .    Should 
k.  not  be  Jie  rate  determining  step,  the  stability  of  the  precursor 
complex  becomes  important  as  an  equilibrium  prior  to  the  rate-deter- 
mining step,  formation  of  the  activated  complex.  In  this  case  the 
free  energy  of  activation  can  be  expressed  as  AG  ■  -RT  ln(K,K?). 
This  enables  a  discussion  of  the  reactivities  in  terms  of  steps  (1) 
and  (2)  whether  or  not  they  are  actually  isolated  in  time. 

This  model  provides  a  basis  for  the  discussion  of  the  reacti- 
vity parameters  obtained  in  this  study  together  with  previous 
results  which  are  included  for  purposes  of  comparison  (Table  XII). 
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For  clarity  the  results  will  be  discussed  according  to  the  sequence 
of  bridging  functions  (1)  chelated  carboxylate,  (2)  chelated 
thioether  (3)  chelated  thiolate  and  alkoxide.  The  order  of 
entries  in  Table  XII  is  that  in  which  they  are  encountered  in  this 
discussion. 

Chelated  Carboxylate  as  a  Bridging  Function 

All  the  complexes  studied  contained  as  potential  bridging 
functions  coordinated  carboxylate  groups  in  bidentate  ligands  with 
the  other  donor  function  also  coordinated  to  the  same  metal  center. 
This  situation  represents  a  departure  from  previous  studies  in 
which  simple  monodentate  carboxylate  ligands  were  examined  or  in 
wW  eh  a  potentially  chelating  donor  function  remained  pendant  from 
the  carboxylated  metal.  It  was,  therefore,  deemed  essential  to 
establish  any  distinctions  in  bridging  efficiency  between  the 
carbo:-tylate  group  of  a  chelate  and  those  previously  studied.  For 
this  reason  the  reaction  of  [Co(en)2(00CCH2NH2)]   with  chromium('H) 
was  investigated. 

Entries  1-?  of  Table  XII  summarize  prior  experimental  results 
for  the  types  of  carboxylate  coordination  previously  studied.  The 
acetato  complex,  entry  2,  can  be  taken  as  the  prototype.  The  more 
rapid  rate  of  reduction  observed  for  the  formato  complex,  entry  1, 
resides  in  the  entopy  component  and  can  be  attributed  to  a  dimin- 
ished steric  restriction   which  is  expected  to  be  concentrated  in 
a  greater  stability  of  the  precursor  complex,  K, .  While  the  rate 
of  the  more  sterically  hindered  iso-butyrato  complex,  entry  3.  is 


diminished  as  expected,  the  source  of  this  diminution  is  found 
unexpectedly  in  the  enthalpy  of  activation,  a  result  not  understood 
by  this  author.  The  diminished  rate  for  the  pendant  glycinato 
complex,  entry  ht   is  attributable  to  the  entropy  difference,  a 
logical  consequence  of  the  increased  charge.  5  Entries  5,  6  and  7 
are  for  complexes  with  pendant  functions  which  can  chelate  the 
chromium(II)  reductant.  The  expected  greater  stability  of  the 
precursor  complex  and  enhanced  rates  are  reflected  in  more  favor- 
able entropy  contributions. 

In  this  context  the  enhanced  rate  for  the  chelated  glycinato 
Qowplex,  entry  8,  appears  easily  understood.  The  acceleration 
finds  its  source  in  the  entropy  term.  This  is  ascribed  to  a 
greater  stability  of  the  precursor  complex  when  the  carbonyl  func- 
tion to  which  chromium(II)  most  probably  binds  '  is  held  in  a  more 
accessible  position  as  a  result  of  chelation  by  the  amine  function. 
This  effect  is  expected  to  extend,  with  allowances  for  variations 
in  charge  type,  to  other  chelated  carboxylate  ligands,  thereby 
fulfilling  one  objective  of  this  research.  . 

Chelated  Thioether  as  a  Bridfdnf:  Function 

For  the  important  case  of  thioether  coordination  in  [Co(en)2- 
(OOCCH?SCH_)]  ,  entry  9,  it  was  not  possible  to  define  the  bridging 
function  through  isolation  of  the  chromium(III)  product  which  was 
always  found  to  bo  [Cr(H„0)  (OOCCHgSCH  )]  .  While  this  result 
appears  to  indicate  carboxylate  bridging  it  is  important  to  con- 
sider the  initial  product  of  the  alternative  sulfur-bridged  path. 
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[Cr(H20)t(CII,SCH2C00H)"K  .  Such  a  consideration  is  mandatory  in 
view  of  a  rate  substatially  greater  than  that  found  as  typical  for 
carboxylate  bridging  even  in  a  chelated  example  of  the  sane  charge 
type,  vide  supra.  Further,  previous  research   suggests  that 
chelate  closure  of  the  alternative  product  to  yield  [Ct(HjO)l- 
(CH,SCH2C00)]   could  occur  in  times  shorter  than  those  required 
for  isolation  at  the  acidity  level  (0.100  K)  of  our  experiments. 
A  relatively  rapid  hydrolysis  of  the  chromium- thioether  bond,  which 
would  not  be  surprising,  would  lead  to  our  product  observations. 

In  this  context  it  should  be  noted  that  the  relatively  rapid 
redox  rate  observed  arises  exclusively  from  an  entropy  contribution 
which  is^12  eu  more  favorable  than  for  any  previously  studied 
carboxylato-bridged  reaction  lacking  a  pendant  donor  function. 
Further,  the  absorbency  changes  at  530  nm  and  270  nm  reveal  a 
sequence  of  three  steps  which  cannot  be  ascribed  to  carooxyiate 
bridging,  a  mechanism  which  should  result  in  a  single-step  absor- 
bency change.  However,  the  two  substitutional  processes  previously 
described  for  [Cr(H20)5(CH,SCH2C00H)]3+  could  account  for  two 
absorbency  changes  subsequent  to  the  redox  step.  These  results 
are  taken  as  indicative  of  bridging  via  the  thioether  function. 
If  this  interpretation  is  correct,  the  inner-sphere  reactivity 
bestowed  by  a  coordinated  thioether  is  one  of  very  few  examples 
lying  intermediate  between  that  bestowed  by  very  efficient  bridg- 
ing ligands,  e.g.  the  halides  and  thiolates,  and  by  the  rather 
mediocre  bridging  ligands,  e.g.  water  and  carboxylate.  Thus,  a 
second  major  objective  of  this  study  seems  fulfilled. 
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A  detailed  discussion  of  the  reactions  of  the  [Co(en)2- 
(CH„SCH2CH2NH2)y  complex,  entry  10,  is  appropriately  deferred  to 
another  thesis.    However,  its  greater  diminished  reactivity  is 
attributable  to  a  substantial  decrease  in  the  entropy  term  while 
the  enthalpy  actually  contributes  in  the  opposite  direction.  In 
fact,  its  reactivity  parameters,  in  comparison  with  those  for  the 
complex  described  here,  are  decidedly  at  variance  with  those  anti- 
cipated for  an  inner-sphere  reaction  in  which  the  non-bridging 
function  cis  to  the  bridging  ligand  has  been  changed  from  carbox- 
ylate  to  amine.  Such  a  change  results  in  little  variation  in  all 
parameters  for  one  comparison,  entry  11  vs_  entry  1,  and  little 
variation  in  the  observed  rate  for  another,  entry  12  vs  entry  13, 
A  somewhat  different  pattern  emerges  for  two  other  inner-sphere 
reactions  entailing  a  similar  variation  of  the  cis  non-bridging 
function,  entries  1^  and  15.  The  reasons  for  this  different 
pattern  are  not  yet  understood.  However,  if  the  more  rapid  rate  of 
reduction  for  the  [Co(en)?(00CCH?S)]   complex  is  ascribed  to  en- 
thalpic  and  entropic  variations  similar  to  those  used  for  the  thio- 
ether  comparison  a  value  for  the  entropy  of  activation  is  obtained 
which  seems  unrealistically  high.  Thus,  a  different  comparative 
pattern  from  those  previously  observed  for  consistently  inner-sphere 
reactions  is  evident.  The  results  reported  here  may  prove  useful 
in  assigning  the  reduction  of  [Co(en)?(CM,.SCH,)CH7NH?) J3  to  the 
outer-sphere  category.  The  activation  parameters  are  in  substanti- 
al agreement  for  other  outer-sphere  reductions  involving  +3  ions, 
entries  16-20,  although  this,  in  itself,  is  not  diagnostic  of  the 
mechanism. 


8? 
Thiolate  and  Alkoxide  as  Bridging  Functions 

In  the  pioneering  research  in  this  area,  Lane  found  a 
reactivity  for  coordinated  thiolate  as  a  bridging  function  which 
exceeded  that  for  a  comparably  coordinated  alkoxide  by  a  factor 
of  >3,000.    Three  possible  reasons  for  this  enhanced  reactivity 
were  presented:  (1)  a  greater  stability  of  the  precursor  complex 
with  the  thiolate  ligand  arising  from  the  greater  steric  accessi- 
bility of  the  sulfur  atom,  (2)  a  cobalt-sulfur  bond  which  is 
weaker  than  the  cobalt-oxygen  bond, thereby  requiring  less  enthalpy 
for  activation  of  the  precursor  complex,  (3)  a  possibly  greater 
sigma  covalency  in  the  cobalt-sulfur  bond  which  might  contribute 
to  an  enhanced  probability  for  electron  transfer.  No  distinction 
was  possible  between  the  relative  contributions  to  the  reactivity 
from  these  sources. 

The  initial  phases  of  this  study  were  directed  toward 
providing  such  a  distinction.  Space-filling  models  suggested  that 
the  methylene  hydrogens  on  the  carbon  atom  adjacent  to  the  coordin- 
ated chalcogenide  would  inhibit  precursor  complex  formation  with 
[Cr(H20)^l   to  a  greater  extent  for  alkoxide  than  for  the  larger 
thiolate  sulfur.  According  to  this  view,  it  was  felt  that  substi- 
tution of  one  or  two  methyl  groups  on  this  carbon  atom  would  dimin- 
ish the  rate  of  reduction  for  both  complexes  via  a  steric  effect 
without  drastically  altering  the  electronic  contributions.  (Unfor- 
tunately attempts  to  prepare  the  dimethyl  derivative  were  unsuccess- 
ful, but  the  raonomethyl  derivative  proved  to  be  synthetically  access- 
ible.) It  was  naively  assumed  that  the  reactivity  of  the  thiolate 


complex  would  be  less  sensitive  to  this  change  than  the  complex 
with  a  smaller,  less  accessible  oxygen-bridging  atom.  Finally, 
if  the  expected  diminutions  in  rates  actually  materialized  it  was 
hoped  that  a  determination  and  comparison  of  the  activation  para- 
meters would  be  possible. 

The  anticipated  decrease  in  the  rate  of  reduction  was,  in 
fact,  observed,  as  a  comparison  of  entries  12  and  21,  14-  and  22 
indicates.  Surprisingly,  the  factor  by  which  the  rate  is  decreased 
is  ~'.l/':0  for  both  the  alkoxide  and  thiolate  complexes.  This  im- 
plies that  any  greater  anticipated  steric  susceptibility  to  inhibi- 
tion for  the  alkoxide  function  compared  to  that  of  the  thiolate  is 
not  developed  by  raonomethyl  substitution.  For  both  complexes  the 
decrease  in  the  accessibility  of  the  bridging  atom  would,  in  the 
absence  of  sufficient  activation  parameter  data,  appear  to  be 
comparaole  implying  a  highly  directional  approach  for  the  [Cr(H-O)- 
-J  residue  (i.e.,  the  methyl  function  exerts  a  restrictive  influ- 
ence but  can  be  comparably  avoided  in  both  cases). 

In  the  case  of  the  mercaptopropionate  complex  it  was  possible, 
as  the  anticipated  result  of  the  decrease  in  rate,  to  measure  the 
activation  parameters.  The  enthalpy  of  activation  of  1.1  kcal/mole 
reflects  an  unusually  small  resistance  to  reaction  from  this  factor. 
The  reason  for  the  difference  in  this  parameter  in  the  reduction  of 
the  mercaptoethylamine  example,  the  only  other  case  for  which  it 
has  been  determined,  is  not  presently  understood.  The  latter  com- 
plex may  be  anomalous  with  regard  to  the  enthalpy  contribution. 
Its  anomalous  ateorption  spectrum  in  the  visible  region  suggests 
something  unusual  in  its  electronic  configuration.  '  Even  if  this 
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wore  not  the  case  certain  differences  should  be  recognized  in  the 
two  ligands.  The  raercaptopropionate  ligand  possesses  an  sp  carbon 
in  the  chelate  skeleton  whereas  the  mcrcptoethylamine  has  only 
spJ  carbon  atoms.  This  difference  could  result  in  different  con- 
formations for  the  two  chelated  ligands.  The  consrquences  for  the 
activation  parameters  of  such  variations  in  chelated  ligands  is 
essentially  unexplored.  Further  speculation  is  best  postponed  un- 
til more  data  are  available. 

The  observed  entropy  of  activation  for  the  mercaptopropionate 
complex  seems  remarkably  positive  for  a  species  with  a  methyl  group 
and  a  hydrogen  atom  on  a  carbon  atom  bound  to  the  bridging  atom  and 
further  constricted  by  the  chelation  of  the  ligand.  In  fact,  the 
steric  restrictions  appear  to  leave  the  sulfur  as  accessible  as  the 
halide-bridging  ligand  in  cis-[Co(en)2(Cl)(H20)]2+  and  cis-[Co(enk- 
(F)(K20)J"  and,  in  spite  of  the  methyl  substitution,  less  restrict- 
ed than  the  alkoxide  oxygen  of  the  unsubstituted  glycollate  complex, 
vJde  infra.  These  entropy  trends  are  taken  as  indicative  of  a 
uniqueness  of  the  large  coordinated  sulfur  atom  in  remaining 
sterically  accessible  in  spite  of  rather  bulky  substitutions. 

The  activation  parameters  reported  in  Table  XII  for  the  gly- 
collate complex,  entry  12,  are  to  be  regarded  as  tentative  and 
subject  to  confirmation.  Nevertheless,  they  appear  reasonable  in 
that  AH  lies  intermediate  between  that  for  a  mercaptide  bridge 
in  a  comparable  environment,  entry  22  (compare  also  entries  23 
and  2h),   and  that  reported  for  [Co(NH3)5OH)]2+,  which  should  have 
a  higher  AH*  as  the  result  of  the  change  in  non-bridging  ligands ; 
compare  entries  1  and  11.  The  value  for  AS*  seems  appropriate. 
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The  discrepancy  between  the  tentative  value  for  AH*  of  2.2  kcal/ 
mole  and  the  5.1  kcal/inole  observed  for  the  reduction  of  [Co(en)2~ 
(0CH?CH?i!K?)]   may  arise  from  an  enthalpic  anomaly  for  the  latter 
similar  to  that  suspected  for  the  [Co(cn)2(3CH2CH2NH2)]   analogue. 
If  these  are  viewed  as  anomalous  activation  enthalpies  it  seems 
possible  to  obtain  tentative  estimates  for  four  unknown  activation 
parameters  which  appear  reasonable,  internally  consistent  and  In 
satisfactory  comparison  in  the  entropy  term  vrith  the  measured  val- 
ues for  the  anomalous  complexes. 

The  estimation  proceeds  as  follows.  Since  the  effect  of 
methyl  substitution  on  the  adjacent  carbon  is  primary  steric  and  is 
comparable  for  both  alkoxi.de  and  thiolate  complexes,  it  seems  rea- 
sonable to  attribute  the  rate  of  decrease  to  the  entropy  term.  If 
the  value  of  1.1  kcal/mole  for  AH  in  the  mercaptopropionate  reac- 
tion is  used  for  the  mercaptoacetate  reaction  a  value  for  AS*  of 


-25  en  is  obtained.  The  increase  from  -31  eu  seems  reasonable  for 
the  loss  of  the  methyl  substituent.  Further,  the  increase  from 
-36  eu  for  the  o.xygen  analogue  is  comparable  to  the  14.7  eu  in- 
crease observed  for  a  similar  change  in  going  from  [Co(en)2(0CH2~ 
CH2SH2)]2+  to  [Co(en)2(SCH2CH2NH2)]2+.  Proceeding  in  the  reverse 
direction, AH  of  2.2  kcal/mole  for  the  glycollate  complex  is 
assumed  for  the  lactate  complex.  This  yields  a  value  of  -43  eu 
for  AG*  which  is  again  "12  eu  more  negative  than  for  the  sulfur 
analogue  and  -f   eu  more  negative  than  for  reaction  with  the  complex 
not  substituted  by  a  methyl  group. 

To  the  extent  that  these  estimates  are  reasonable  the  follow- 
ing tentative  conclusions  for  the  inner-sphere  reaction  can  be 
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2 
drawn.  (1)  The  carboxylate-chalcogenide  chelates  with  an  sp 

carbon  atom  in  the  five-raembered  chelate  ring  bestow  an  entropic 

barrier  to  activation  which  is  about  8-10  eu  more  negative  than 

2 

for  the  amine-chalcogenide  chelates  with  no  sp  carbon.  This 

difference  seems  reasonable  in  view  of  possible  conformational 
differences  mentioned  earlier.   (2)  The  substitution  of  a  methyl 
function  on  the  carbon  adjacent  to  the  chalcogenide  atom  in  the 
carboxylate-chalcogenide  chelate  increases  the  entropic  barrier 
to  activation  by  6-7  eu.  (3)  The  substitution  of  sulfur  for  oxy- 
gen in  otherwise  analogous  alkoxide  complexes  lovers  the  entropic 
barrier  by  12-15  eu  while  the  enthalpy  decrease  contributes  about 
one  order  of  magnitude  (l.'f  kcal/mole)  to  the  reactivity.  Thus, 
at  least  for  the  carboxylate-chalcogenide  ligands,  the  enhanced 
reactivity  on  substituting  sulfur  for  oxygen  seems  to  derive  about 
35?'  from  a  lowering  of  AH*  and  about  65^  from  a  more  positive  AS*. 
Therefore,  the  steric  component  associated  with  the  larger  sulfur 
atom  appears  to  be  larger  than  the  electronic  contribution  to  the 
observed  enhancements .  Thus,  within  the  limitations  expressed 
earlier,  a  third  objective  of  the  research  seems  reasonably  ful- 
filled. In  this  regard  we  wish  to  acknowledge  our  indebtedness 
to  the  research  of  Robert  H.  Lane  and  Michael  J.  Gilroy  without 
which  the  necessary  comparisons  would  not  have  been  available. 

Substitution  Reactions  at  Chromium(III) 

Chro.T.iun(III  )-IIercaptopropionate  System 

As  previously  described,  the  substitution  behavior  of  the 


2-mercaptopropionate-chromium(IIl)  product  may  be  represented  by 
the  following  steps: 

[Cr(H20)5(SCH(CH3)COOH)f+  5#  [CrO^oysClUCH^COOH)]* 
I  II 


k 


f 


i2+ 


[Cr(H2O)if(SCH(CH3)C0O)f  +  H+  g-  [Cr(H20)5(OOCCH(CH3)SH)]' 

+        2 
k  ■  (1.0  +  2.6  [H  ])  x  10"     (H  and  sec) 

kf  ■  (7.31  [H+])  x  10"5        (M  and  sec) 

k  =  7.10  x  10  (M  and  sec) 

r  - 

These  are  to  be  compared  to  the  analogous  k,  k-  and  kp  for  mercap- 
toacetate   and  for  malonate: 

Mercaptoacetate  as  ligand;        Malonate  as  ligand; 

k  =  (5.6  +  13  Q'+])  x  10"3      k  =  (4.0  +  22  [H+])  x  10"6 

kf  =  (73  [H+]  +  0.6)  x  10"6 

k  •--  (68  +  0.8  [h"*"]"1)  x  10"7 

The  initial  chelate  ring  closure  will  be  considered  first. 

In  the  first  report  of  an  analogous  chelate  ring  closure  by  car- 

48 
boxylate  which  follows  a  rate  law  of  this  form,   the  proposition 

was  advanced  that  the  acid-dependent  ring  closure  involved  substi- 
tution of  a  coordinated  water  at  the  carbon  of  a  protonated  carbon- 
yl  function.  The  possibility  of  a  similar  substitution  by  coordi- 
nated hydroxide  in  the  acid-independent  path  was  recognized  but, 
understandably,  not  strongly  advocated  in  view  of  the  alternative 
possibility  of  substitution  at  chromium.  Similar  conclusions  were 
reached  in  the  case  of  the  mercaptoacetate  where  the  -"1, 000-fold 
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enhancement  in  rate  was  primarily  attributed  to  the  higher  steric 
feasibility  for  closure  of  the  five-membered  chelate  ring  than  for 
the  six-membered  ring  of  the  malonate  system.  Some  contribution 
arising  from  an  enhanced  nucleophilicity  of  water  or  hydroxide  cis 
to  the  mercaptide  donor  function  was  also  recognized.    These 
schemes  are  considered  to  apply  to  the  2-mercaptopropionate  system 
and  are  outlined  in  the  following  diagrams: 

First-order  acid  path        Acid-independent  path 

[(H20)5CR(SCH(CH3)COOH)f+      [(HgO)  Cr(SCH(CH  )COOH)]2+ 

R 
K 

-    H    2+ 

H    3+  /  "^c'-CH 

(H20),Cr-S-C^CH3  (H20),Cr      \J 

H„qv — »  C-OH  h-Q; 


K    « 


+0H  Ik. 


K 


+ 


H 


WsJv  .     ° 

+2H+  +  H20  +H+  +  H20 

Vh  =  2'6  X  10"  k°K°  =  1*°  x  10"2 

The  essentially  unchanged  ratio  for  the  two  paths  at  constant 
acidity  in  all  three  systems  lends  some  credence  to  the  proposed 
similarity  in  mechanism  as  opposed  to  substitution  at  chromium  in 
the  acid-independent  path.  Further,  the  similar  enhancement  observed 

for  the  2-mercaptopropionate  system  in  both  paths  over  the  mer- 
captoacetate  system  is  that  anticipated  for  a  slightly  enhanced 
basicity  of  the  carbonyl  oxygen  arising  from  methyl  substitution. 
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A  comparison  of  the  data  for  the  ring  opening  and  closure 
of  the  chelate  complex  at  the  metal-sulfur  bond  provides  the  most 
striking  defference  between  the  two  rnercaptide  ligands.  For  the 
methyl-substituted  ligand  no  acid-indepondent  term  for  k„  (acid- 
dependent  for  k  )  was  observed  whereas  the  mercaptoacetate  system 
has  a  term.  A  discussion  of  possible  reasons  for  this  will  be  pre- 
sented later.  The  acid-dependent  term  for  k„  can  be  rationalized 
by  the  following  mechanism: 

•vvv/ 3  +  ri  *  {H2°)^n    i     3    ir 

C,0  0— C^       r 

[  (H20)5Cr(00C(3HCH3)SH)]2+ 
k£  =  Kk 

Such  a  mechanism  has  been  proposed  for  the  analogous  path  in  the 
mercaptoacetate  case  and  from  the  similarity  in  the  rate  laws  is 
similarly  reasonable  here.  On  the  basis  of  inductive  effect,  it  is 
somewhat  surprising  that  k„  is  not  larger  due  to  increased  basicity 
of  the  rnercaptide.  However,  a  slightly  larger  K  might  be  compen- 
sated by  a  comparably  smaller  k.  Any  variation  is  expected  to  be 
small  in  view  of  the  fact  that  the  equilibrium  constant  for  the 
dechelation  process  (10.5  *  .12)  is  experimentally  indistinguish- 
able from  that  for  analogous  process  with  mercaptoacetate  as  ligand 
(10.3  i  1.3)   thus  reflecting  little  change  in  the  sulfur  function. 

The  essential  identity  in  rate  of  this  process  to  the  analo- 
gous path  in  the  mercaptoacetate  system  (?.l  x  10  vs  6.8  x  10  ) 
virtually  ensures  that  the  mechanisms,  as  expected,  are  the  same. 
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Thus  the  arguments  presented  for  that  system  arc  applicable  here 
and  will  not  be  repeated  in  detail.  Thus  it  seems  highly  probable 
that  bond-making  is  more  important  than  bond-breaking  for  both 
forward  and  reverse  processes.  Mo  evidence  exists  to  suggest 
that  the  acid-catalyzed  metal-sulfur  cleavage  differs  dramatically 
from  the  analogous  metal-fluoride  cleavage  in  [Cr(H20)  J"] 
(k  -  (1.38  x  10  )  [H+])  9a  except  in  the  greater  basicity  of  the 
coordinated  mercaptide.  Further,  the  rate  enhancement  for  chelate 
closure  by  the  mercaptan  function  by  factors  of  30-250  over  the 

rates  for  monodentate  ligation  of  [Cr(H20)6]3  by  HF(k  =  2.2  x  10-1) 

-8  ^° 
of  HH.  (k  =  2.8  x  10  )   appears  primarily  attributable  to  a 

"chelate  effect"  in  which  the  pendant  mercaptan  function  can  better 
trap  a  vacated  coordination  site  rather  than  to  a  higher  associa- 
tive reactivity. 

With  regard  to  the  lack  of  an  acid-independent  term  in  k. 
(acid-dependent  for  k  )  for  the  mercaptopropionate  system  in 
comparison  to  its  presence  in  the  mercaptoacetate  system,  it  should 
be  noted  that  by  necessity  our  experiments  were  carried  out  over  a 
higher  range  of  acidity  (0.10  H  -  1.0  H)  than  that  for  the  mercap- 
toacetate case  (0.010  M  -  0.20  M).  Thus,  within  probable  experi- 
mental error,  the  zero  intercept  for  the  k„  vs  [H  ]  plot  is  likely 
to  be  indistinguishable  from  the  anticipated  0.6  x  10~  previously 
detected.  Further,  a  line  of  positive  slope  drawn  through  the 
error  limits  of  our  most  reliable  experiments  (<0.5  H)  in  the  k  vs 
[H+l  plot  would  allow  for  a  0.1  x  10   [H  ]  contribution  to  k 
while  requiring  only  a  small  revision  to  6.1  x  10   in  the  acid- 
independent  term.  In  view  of  the  similarities  of  the  ligands  it 
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eeeas  likely  that  this  path  would  disappear  and  more  reasonable 
that,  under  the  conditions  accessible  to  us,  it  is  undetectable. 
The  fact  that  the  acidity  range  previously  studied  with  a 
very  similar  ligand-complex  system  was  not  accessible  with  2-mer- 
captopropionate  is  of  obvious  interest.  Equilibration  experiments 
below  0.10  M  acid  were  irreproducible  and  the  odor  of  H-jS  was 
clearly  detectable.  A  previous  study  of  cis-[Cc(en)2(0H)NH2CH2- 
OLBr)j   revealed  a  lysis  of  the  nethylene-bromine  bond  by  attack 
of  coordinated  hydroxide  on  the  saturated  carbon  atom  to  produce 
[Co(en)2NH2CH2CH20)]2+  and  Br".37  Thus,  the  most  obvious  explana- 
tion of  our  results  invokes  a  comparable  lysis  of  the  carbon-sulfur 
bond. 

0 

V*  cis-(ri20  ^Cr^ ..  ^,C  s  m  +  H 
§'   SH   '3 


K 


0— c*° 

H  / 
CH„ 

Consideration  of  the  S„2  mechanism  for  the  attack  of  coordi- 
nated hydroxide  on  the  saturated  carbon  suggests  that  for  both 
steric  and  electronic  reasons  the  presence  of  the  methyl  group  on 
the  carbon  atom  of  interest  should  decrease  the  tendency  towards 
direct  attack.    Alternate  mechanisms,  however,  can  be  defended 
only  with  difficulty  relative  to  the  observed  product  behavior. 
Until  further  planned  work  on  this  system  is  accomplished  no  defin- 
ite conclusion  as  to  the  reason  for  the  reactivity  of  the  complex 
can  be  reached. 
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Chromiua(IIl)-Lactate  System 

For  the  lactato  and  glycollato  complexes  of  chromiuro(III), 
the  lack  of  extensive  data  precludes  a  discussion  in  the  detail 
afforded  the  mercaptide  systems,  for  the  reaction 

kf 

[Cr(H20)4(00CCH(R)0)]+  j£* [cr(H20)  (00CCH(R)0K)]2+ 

the  values  observed  for  kf  at  0.3.00  M  HCIO^  and  25°C  were  very 

nearly  identical  (R  =  H,  kf  +  3.0  x  10"2  M-1  sec"1;10  R  =  CH„, 

-2-1-1 
kf  =  3.2  x  10   H   sec"  ).  In  view  of  the  similarity  between 

the  two  systems,  the  tentative  conclusions  reached  previously10 
are  applicable  here.  It  seems  likely  that  the  mechanisms  parallel 
that  presented  for  the  analogous  mercaptopropionate  reaction.  The 
higher  rate  of  ring  opening  is  reasonably  attributable  to  the  higher 
basicity  of  coordinated  alkoxide  vs  mercaptide. 

It  seems  appropriate  to  recognize  the  similarity  in  spectral 
parameters  for  the  chelated  lactate  and  glycollate  complexes  in  view 
of  the  discrepancy  with  earlier  work  mentioned  by  Lane.10  These 
results  with  a  very  similar  lit;and  provide  further  evidence  of  some 
error  in  the  earlier  report.  ' 
Other  Chroaiuradll )  Systems 

Similar  substitution  studies  of  the  chromium  (HI)  complexes 
with  methylthioacetate  and  glycine  were  of  secondary  priority  and 
work  other  than  the  identification  of  the  reaction  products  of  the 
initial  oxidation-reduction  was  not  attempted.  It  was  noticed  that, 
upon  appropriate  adjustment  of  the  acidity  to  lower  levels,  [Cr- 
(HjO^COOCCHgNHj)]-5  reacts  to  yield  an  isolable  product  tenta- 
tively identified  using  spectral  criteria  as  the  chelate  complex, 
vide  supra. 


Summary 

This  research  has  led  to  the  following  conclusions. 

(1)  The  incorporation  of  the  carboxylate  function  in  an  appropriate 
chelate  ligand  can  increase  its  bridging  efficiency,  apparently 
by  increasing  the  steric  accessibility  of  the  carbonyl  oxygen. 

(2)  Cobalt(III)  complexes  in  which  a  coordinated  thioether  function 
is  the  terminal  donor  in  a  chelate  ligand  can  be  prepared  (conclu- 
sion reached  jointly  with  Michael  Gilroy).   (3)  A  coordinated  thio- 
ether function  can  serve  as  a  bridging  ligand  in  an  inner-sphere 
reaction  with  an  efficiency  which  is  intermediate  between  highly 
efficient  and  poor  bridging  ligands.  (k)   The  chromium(III)-thio- 
ether  bond  in  the  secondary  .chelate  product  of  this  reaction  is 
quite  labile.  (5)  The  substitution  of  a  methyl  group  for  a  hydro- 
gen on  the  carbon  adjacent  to  coordinated  chalcogenide  does  inhibit 
inner-sphere  reactivity  but,  surprisingly,  by  a  similar  factor 
(~l/'i-0)  for  both  oxygen  and  sulfur.  (6)  As  a  result  of  the  inhi- 
bition, the  activation  parameters  for  the  rnercaptopropionate  sys- 
tem proved  accessible  and  suggested  from  the  high  entropic  barrier 
to  reaction  that  the  inhibition  was  steric  in  nature  as  anticipated,, 
A  comparison  of  the  parameters  with  results  obtained  in  this  labor- 
atory by  co-workers  permits  a  reasonable  and  internally  consistent 
estimation  of  activation  parameters  for  other  reactions.  Analyses 
of  the  variation  in  these  parameters  permit  a  much  more  detailed 
understanding  of  the  electronic  and  steric  contributions  to  the 
efficiency  of  coordinated  mercaptide  as  a  bridging  ligand  than  was 
possible  previously.  To  the  extent  that  the  estimates  are  valid 
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the  high  reactivity  is  derived  mostly  from  the  steric  accessi- 
bility of  the  large  sulfur  atom.  The  lover  reactivity  of  coor- 
dinated alkoxide  complexes  arises  primarily  from  a  lower  accessi- 
bility of  the  smaller  oxygen  atom.  (7)  The  presence  of  the  adja- 
cent methyl  group  apparently  enhances  the  susceptibility  of  the 
pendant  carbon-sulfur  bond  to  lysis  by  coordinated  hydroxide  in 
the  chromiumdll )  product.  (8)  Finally,  we  note  the  preparation 
of  a  number  of  new  complexes  via  oxidation-reduction  reactions. 
Tims,  the  objectives  which  were  outlined  for  this  research  in  the 
Introduction  seem  fulfilled. 
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